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ABSTRACT 

. 6 
The molecular vleight of T7 DNA was determined to be 15-17 x 10 by 

the method of sedimentation equilibrium in a CsCl density gradient. Pos-

sible sources of error in the optical reproduction of the concentration 

distribution in the cell were considered and evaluated. Comparison of 

the above molecular weight vll th the ·Height of the total DNA content of 

T7 phage determined by Davison and Freifelder (22) suggests: l) that the 

entire DNA content of T7 bacteriophage can be released into solution as 

a single molecule and 2) that the density gradient method for determining 

molecular weights of homogeneous DNA samples is accurate within 10-20%. 

The denaturation and renaturation of T7 DNA v1as . studied using 

formamide as the denaturing agent. The complete cycle of denaturation 

and renaturation can thus be studied at room temperature without degrada-

tion of the primary structure of DNA. 

Kinetics of denaturation '•ere found to be essentially independent of 

concentration but were not first order, the rate falling off with time. 

Irreversible denaturation does not commence until the DNA has reached 

80-90% of its full hyperchromicity. Samples of DNA isolated from denatur-

ing conditions appear to be mixtures of fully denatured molecules and 

molecules which exhibit native characteristics to a high degree. Stirring 

solutions of DNA under denaturing conditions markedly accelerates the rate 

of denaturation. It seems possible that the molecular configuration of 

DNA molecules in intermediate states of denaturation may be a factor in 

stability to denaturation. 

Optimally renatured T7 DNA has 85-90% of the native hyperchromic 

effect and bands at a slightly denser position than native DNA in a CsCl 

density gradient. ~~eliminary studies indicate second order kinetics for 

the renaturation reaction. 
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INTRODUCTION 

The biological importance of DNA has stimulated a substantial 

amount of work on its physical chemistry. It is unfortunate that the 

DNA samples used for much of this >vork have been intermolecularly 

heterogeneous in size and base composition. Such heterogeneity not only 

qualifies the interpretations of data obtained on these samples but per

haps obscures important features of DNA physical chemistry as well. The 

latter possibility is illustrated by the fact that renaturation has not 

been observed in markedly heterogeneous populations of DNA molecules. 

Although valuable insights into the mechanisms of denaturation and 

renaturation might be provided by detailed physical chemical examination 

of the kinetics of these processes, such studies have not yet been 

reported for homogeneous DNA populations . The work to be r eported here 

is an attempt to study by physical chemical methods the kinetics and 

mechanism of denaturation and renaturation of DNA prepared from bacterio

phage T7. 

T7 DNA was chosen for this study because of the apparent homogeneity 

of phage DNAs and because it was the smallest double stranded phage DNA 

readily available which contains no "odd11 bases or attached glucose 

residues. The molecular weight of T7 DNA was examined by the method of 

sedimentation equilibrium in a CsCl density gradient to test both the 

homogeneity of the DNA and the accuracy of the density gradient method 

itself. 

Denaturation and renaturation reactions were carried out in 

f ormamide solutions in order to minimize or eliminate the degradation of 

DNA which accompanies t he heat treatment generally used to induce these 
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reactions. The ability to denature and renature DNA without attendant 

degradation of its primary structure would be especially valuable for 

studies of biologically active DNAs. 
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REVIEW 

Equilibrium sedimentation in a density gradient was recognized by 

Meselson, Stahl, and Vinograd (l) to have potential as a method for 

estimating molecular weights of homogeneous DNA samples. In this method 

a small amount of DNA is centrifuged to equilibrium at high speed in 7.7 

molal CsCl (other salts may also be used (2)). The CsCl equilibrates in 

the centrifuge cell to form a density gradient and the DNA settles into 

a position centered about its buoyant density in the CsCl gradient. It 

was shovm (1) that an anhydrous, homogeneous DNA at equilibrium in a den

sity gradient should form a gaussian concentration distribution and that 

the variance of the gaussian, C), should be_ a function of the molecular 

weight of the DNA. Hearst, Ifft and Vinograd (3,4,5) further expanded the 

theoretical treatment to include the effects of solvation and pressure 

on band shape and evaluated the parameters necessary for determining the 

molecular weight of T4 DNA in a CsCl gradient. Yeandle (6) rederived 

the relation between molecular weight and cr to include the electrical 

effects expected from the polyanionic character of the DNA, and confirmed 

(1) that even if the DNA molecule were fully ionized (which is certainly 

far from true in 7·7 mola l CsCl) the maximum error in the banding 

molecular weight due to electrical eff ects would be 15%· 

It was immediately recognized (l) that density heterogeneity in DNA 

samples would broaden the concentration distribution found at equilibrium 

in a density gradient and lead to serious underestimates of the molecular 

weight of the sample. Generally density heterogeneity should distort the 

gaussian character of the concentration distribution and lead to 
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?<· 
curvature in a log C vs x2 plot. However, Baldwin (7) has shown that a 

sample having a gaussian distribution of effective densities will give 

rise to a gaussian concentration distribution at equilibrium. Such a 

distribution is therefore not sufficient to assure that the sample is 

homogeneous and the molecular weight calculated from the variance is 

correct. Various methods have been proposed for evaluating density 

heterogeneity in a sample (1,8). Density differences between DNA 

molecules have been shmm to arise both from denaturation and from 

differences in G-C content (9,lO,ll,l2,l3). 

Although it is difficult to estimate the molecular weight of DNA 

samples of doubtful homogeneity by the density gradient method, it 

should be straightforv7ard to determine molecular weights on samples that 

are completely homogeneous. Evidence f rom autoradiography (l4,l5,l6,l7), 

electron microscopy (18) and genetics (19) indicates that the total DNA 

content of bacteriophages T2, T3 and A can be liberated in a single 

piece, thus suggesting that DNA carefully prepared from these phages, and 

perhaps others as v7ell, should be essentially homogeneous. Recently, 

banding molecular weights have been reported (20) for DNA from phages T2, 

T5, P22 and T7 which had been protected from shear degradation (14,23) 

in preparation and handling. These DNA preparations might reasonably be 

expected to be homogeneous, and thus the density gradient method would 

be expected to estimate their true molecular weight. However, Thomas and 

Pinkerton (20) found that the banding molecular weights for these phage 

2 
X 

*Since a gaussian concentration distribution would be C = C e- 2 cr
2 

· where C = concentration, C0 = maximum concentration~ and 
0 

x = distance from band center, a plot of log C vs xc should be a straight 
line with a slope of l 

2 o-2 
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* DNAs v1ere roughly a factor of t>vo below estimates by other methods. 

They suggest that this discrepancy may be due to factors of importance 

in determining band shape which are as yet not fully understood, and pro-

pose that the twofold difference in molecular 'Heights be considered a 

calibration factor for the density gradient method until further . 

experimentation may resolve the issue. 

EXPERIMENTAL 

In the v7ork to be reported here the molecular >·7eight of T7 DNA was 

studied by the density gradient technique . From considerations men-

tioned above it seemed likely that t he entire DNA content of each T7 

phage could be released into solution as a single molecule, thus pro-

ducing a homogeneous sample of DNA. For such a solution the molecular 

weight determined by the density gradient method should, in theory, equal 

that of the total DNA content of the phage . If this result were obtained 

experimentally it would demonstrate both that each T7 phage did indeed 

liberate a single molecule of DNA into solution and that the determination 

of the molecular weight by the density gradient method was not in error. 

Hm·;ever, the findings of Thomas and Pinkerton (20) suggest that the 

molecular weight determined on homogeneous DNA samples by the density 

gradient method should equal one half the true molecular weight. An 

experimentally determined banding moleculnT weight equal to one half 

the molecular \veight of DNA in the phage >vould thus be inconclusive 

* 6 It should be pointed out that the molecular weight of 10-12 x 10 
obtained by Tnomas and Piru{erton on T7 DNA prepared by us is dlstinctly 
lov;er tgan the 15- 17 x 106 molecular vleight obJ;ained here as well as the 
18 x 10 obtained by Meselson (21) and 15 x 10 by Davison and Freifelder 
(22). It is possible that the DNA could have been degraded in transit. 
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without an independent molecular weight determination on the isolated T7 

DNA. 

In order to make as accurate a determination of the molecular 

weight as possible the ultraviolet absorption optical system of the 

ultracentrifuge was critically examined for possible sources of error in 

reproduction of the band shape present in the cell. Almost any optical 

error would tend to lower the molecular weight obtained. Factors such as 

l ight source position, slit width, foc~s , film and densitometer error, 

as well as other possible sources of optical distortion were considered • 

. METHODS 

Preparation of T7 DNA. T7 phage stod::s were prepared as follov7S: 

Vigorously aerated cultures of E. coli B in a glycerol casamino acid 

medium·lf were grmm to 109 /ml at 37° and then inoculated with T7 phage** 

to about 108 phage particles per ml. Aeration v7as continued for 

approximately two to four hours until lysis appeared complete. Foaming 

was controlled by Dow Antifoam A. The lysate was then brought to 60% in 

ammonium sulfate and the precipitate was allowed to settle in the cold. 

The bulk of the supernatant was siphoned off and the remaining suspension 

* A modification of the medium of Fraser and Jerrel (24) containing: 

-l(-)(-

0.9 g 
2.1 g 
3-0 g 

·3 
.• 3 

3.0 
15.0 
24.0 

l 

g 
ml 
ml 
g 
ml 
liter 

/ 

~~~4]; 
NH4Cl 
MgS04 -' 
1M CaC~ . ., 
1% gelatin ......
Casamino acids -' 
glycerol 
~0 . --

made up in a portion of the ~0 and 
added last 

T7 phage stock was obtained from Prof. R. L. Sinsheimer. ') 
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passed tbrough a Servall continuous flmv centrifuge to collect the pre-

cipitate. The precipitate was then dissolved in 0.1 M NaCl, 0.01 M TRIS, 

pH 7.5, the phage were purified by several cycles of differential centri-

fugation and then treated with RNAase and DNAase to remove any cellular 

nucleic acid which may b,ave remained. The phage v7ere once more spun down 

and resuspended to form a phage stock 1·7hich was stored in the refrigerator 

and used for preparation of DNA as needed. The phage stock sedimented 

with a singl e sharp boundary of about L~80 s and banded as a single band 

in a CsCl density gradient at a density of approximately 1.52 g/ml. Phage 

suspensions which had stood for several months often contained aggregated 

material. 

T7 DNA was prepared from purified phage stocks at a DNA concentration 

of about l mg/ml (an OD of about 20) by gentle shaking with water 

saturated phenol (25) at room temperature. Mallinckrodt analytical 

reagent grade liquified phenol (around 88% phenol) with no added preserva-

tive v1as used withoutfurther purification. Generally, after t\VO or tbree 

phenol extractions the DNA solution was extracted several times with 

ether, aerated and dialyzed at least 12 hours in the cold against 

0.1 M NaCl , 0.01 M TRIS, pH 7.5. Stock solutions for density gradient 

work were diluted to an optical density of approximately l and stored in 

solution in the refrigerator. One such DNA solution shov1ed no change in 

banding molecular weight over a period of several months. 

Velocity sedimentation patterns of native T7 DNA in solutions 10-3 

to 0.1 Min NaCl and denatured DNA in 10-3 to 10-2 M NaCl showed a single 

sharp boundary with no evidence of degraded material (Fig. 1). 
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Native T7 DNA at a concentration of 19 ~g/ml 

s20,w .. 21.7 

Denatured T7 DNA at a concentration of 19 ~g/ml 

s 20,w == 16.4 

Figure 1. Sedimentation velocity patterns of native and denatured 
T7 DNA run at 31,410 rpm in O.Ol M NaCl, 0.001 M TRIS1 pH 7.4. 



-10-

The extinction coefficient of the T7 DNA was measured and found to 

be, per mole of phosphorus, E (P) = 6,980 at 258 m~. Phosphorus was 

determined by the method of Al l en (26). 

Density Gradi ent Experiments. The density gradient experiments on 

T7 DNA i.Jere made in Spinco Model E /{521 ultracentrifuge equipped with 

ultraviolet absorption optics using cells v1ith quartz v1indmvs and 4 o 

sector centerpieces. The 12 mm centerpieces were of Kel-F and the 3 mm 

centerpiece was of filled-Epon. The filling holes of these centerpieces 

vTere enlarged to a diameter of .05 inch. Cell assemblies were tightened 

with a torque wrench to 115-125 inch pounds. 

Harshaw optically pure CsCl and Kav1ecki Chemical Co. CsCl were used 

for this work. The latter was heated to 500° for 24 hours and then a 

6o'{o aqueous solution vTas passed through a Norit column in order to reduce 

ultraviolet absorption to below .05 density units from 250 m~ through the 

visible (19). For individual experiments 0.6 ml of a CsCl stock solution 

of a density 1.80-1.88 g/ml, pH 7-8, was diluted with DNA solution and 

enough \vater to produce the desired density. vlhen accurate knmvledge of 

densities was required the solution was vTeighed in 300 A pipettes or 

the density determined from the refractive index by the relation 

;o 25o = 10.8601 n2~
0

- 13.4974 (27). Some stock solutions were made 

by dissolving the CsCl in 0.01 M TRIS and 0.001 M EDTA. 

On several occasions syringes appeared to give off ultraviolet 

absorbing material into the CsCl solutions, thus producing a sloping 

baseline in pictures of the density gradient run. Therefore 9 inch 

Pasteur pipettes which had been rinsed several hours in a pipette washer 

i'Tere used for filling cells. 
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Calculation of Molecular Height. Molecular vleights were calculated 

from density gradient band shapes using the procedures of Hearst, Ifft 

and Vinograd (3,4,5) and the hydration and compression parameters which 

they evaluated for T4 DNA. From Hearst and Vinograd (3) 

wher e M s,o 

R 

T 

M s,o 
2 

v v 
s,o 

RT 

( dP) 
dr eff 

2 
w r 

= the solvated molecular weight at band center 

gas constant = 8. 311~ x 10 7 ergs deg -l mol e -l 

temperature = 298° 

cr = standard deviation in em of the gaussian concentration 

v s,o 

distribution at equilibrium 

= solvated partial specific volume of DNA at band center 

the effective density gradient 

angular velocity 

centrifugal radius at band center 

In order to evaluate M the values of v and (~) must be s,o s,o eff 
determined. From (3) and (5) 

where ~ = 

;:::0 
= 

0 

k = 

p 
0 

= 

l 

v s,o 
f/0 

~0 

l - k p 
0 

densi ty at band center in the spinni ng cell 

density at band center at atmospheric pr essure 

isothermal compressi bil ity coefficient of the solution 

25. 8 X 10 -6 atm -1 

pressure at band center . 
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P
0 

could vary anywhere up to a maximum of 250 atmospheres under the 

conditions used here but in general would be considerably smaller than 

this. To avoid having to malce pressure corrections for each experiment 

l 

v s,o 

AJO 
/ ~ = l. 708 ·Has used for all calculations. The maximum error 

0 

in M due to this approximation \-lill be less than 1%. s,o 

From (3,4, 5) · 

"\-There l = 
130 

\.1/ 
I. 

= 

{~) eff 
= 

8.40 X 10-lO 

+ 

(27,28) 

2 .(l -a) w r 

is the agparent compr essibility of the solvated DNA and 

~ .( 
0 ~~ ) ( ~ ) = 0. 24 . 
0 a 1 d~ . 

0 where a1 is, the vrater activity at atmospheric pressure. 

and M s,o 

The anhydrous molecular weight of the Cs salt of DNA, MCs 

From (4) 

where v3 

vl 

r ' 
?o 

l 

;00 

= 

= 

= 

= 

specific volume 

specific volume 

grams of ~0 per 

is taken as 1~708. 

l + r, 

of anhydrous Cs DNA, taken as 2.12 (2,4) 

of the solvated H20, taken as 1.0 

gram of Cs DNA 
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Thus {' 1 .27 and Mcs This is converted to the 

anhydrous sodium molecular weight 7 MNa' by the factor 331 = ·751, the 
441 

ratio of the average sodium and cesium monomer weights. Thus, 

In this study the molecular weights vrere cal-

culated from the relations ~-"Na 

~a = 6.63 X 105 for 25,980 
o-2r 2 

0 

The value of 2 2 for o- r 
0 

7.51 x 104 for 44,770 rpm and · 
o- 2r 2 

0 

rpm. 

the individual experiments viaS determined 

from Joyce -Loebl densitometer traces of films exposed after equilibrium 

had been attained7 generally 18-20 hours at 44,770 rpm and 5-6 days at 
- x2 

25,980 rpm. Since a gaussian folloHs the relation C_= C
0
e 2 o-

2
, a plot 

2 of log C vs x should produce a straight line with a slope of l 
2 o-2 

Generally x was taken to be the total v7idth of the curve, w, rather than 

the di stance from the center of the curve. Hhen log C is plotted against 

1·(2 the slope is l This method eliminates errors due t o place-
8 o-2 • 

ment of the center of the curve but it tends to obscure skewing when 

present. 

For each density gradient experiment Joyce-Loebl densitometer traces 

of several exposures v7ere analyzed to obtain an average a- as ·Hell as 

an idea of the scatter . A sloping baseline, vihich contributes to the 

uncertainty in o- vias present in some pictures. The uncertainty in the 

molecular vleight due to uncertainty in the traces was often as high as 

+ 10%. 
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STUDIES ON THE OPTICAL SYSTEM 

The ultraviolet absorption optical system supplied with the Spinco 

MOdel E ultracentrifuge, includine an alternator attachment for running 

t\-70 cells simultaneously, >·7as used for the \•7ork reported here. This 

system consists of light source, slit, filters, coll imating lens, 

rotating centrifuge cell with quartz windm.,rs and 4 o Kel-F centerpiece., 

condensing lens, mirror, camer a lens, alternator, and Kodak Commercial 

film. For density gradient runs a Corning CS No. 7-54 corex glass filter 

was used in addition to the Br2 -c12 filters supplied with the machine . 

The positions of the optical components are shmm schematically "\vi thin 

the frame of the ultracentrifuge in Fig. 2. For simplicity the front 

to rear, side to side, and up and dmm directions as designated in 

Fig. 2 'Hill be used in discussing the placement of the various components. 

In this system the axis of rotation is in the vertical direction and the 

radial axis of the cell in the optic system runs in the front to rear 

direction. The properties of various individual components of this 

optical system have been examined, particularly in their relation to the 

density gradient -band shape registered on the film and general quality 

of the pictures obtained. 

Light Source. The light source for this system is a GE H85A3/UV 

medium pressure mercury arc lamp. Although the emission spectrum from 

this lamp ranges from 230 m1-1 through the visible .vavelengths, spectro

graph pictures show that the Corex-Br2 -c12 filter system effectively 

isolates the 248-280 m1-1 region (see Filters). As l amp age increases the 

intensity drops (fivefold in the one case measured), so exposure time 

is not a reliable measure of intensity from run to run. 
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In order to obtain parallel, uniform illumination of the cell 

the light must come from a monochromatic point source at the focal point 

of the collimating lens. H01-1ever, since the purpose of the optical sys-

tern is to accurately reproduce the concentration distribution in the 

cell, light is required only to pass through the cell on isoconcentration 

surfaces and to be of uniform intensity dmm the length of the cell. 

Isoconcentration surfaces in the s pinning cell are portions of concentric 

cylinders centered on the axis of rotation. In this system these sur-

faces are '·rell represented by planes perpendicular to the radial axis of 

the cell, and light may traverse the cell on any path lying on one of 

these planes with a minimum of distortion in registering the concentration 

distribution in the cell_->< This means that the side to side position of 

the light source is not critica l and tr.<erefore the arc of the lamp is 

placed parallel to the front of the machine. On the other hand vertical 

and front to rear positioning of the light source are quite critical 

since they affect both the evenness of illumination do\<m the length of 

the cell and the angJ.,e betvreen the entering light and the radial axis. 

The vertical distance beti·reen the arc of the light source and the 

collimating lens i·ras adjusted by direct measurement to equal the 257 m1-1 

focal length of the lens. If the source is vertically displaced very far 

from this position the illumination becomes uneven and the baseline 

.;(-

Actually, a light beam passing from wall to i·rall of a 4 ° sector cell in 
the plane perpendicular to the radial axis of the cell and 6.6 em from 
the axis of rotation vrould cross isoconcentration cylindrical surfaces 
.004 em apart. Using light displacement at the alternator as a rough 
measure of the angle of light entering the cell, it is estimated that the 
l/2 i nch long slit supplied vrith the machine iWUld a lloH light passing 
through the cell to cross isoconcentra tion cylinders a maximum of .0015 
em apart due to t he side to side displacement of the ends of the slit. 
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appears to bm.;. Hm.;ever pictures of' an equilibrium band in a density 

gradient tal<::en with the source vertically displaced as much as l-2 inches 

shm.;ed little if any change in band sr.l8.pe. 

The front to rear position of the light source was chosen so that the 

light enters the cell at 90° to the radial axis. When there is a 

density gradient in the cell the refractive index gradient will bend 

light across isoconcentration surfaces (29), and the most accurate 

reproduction of the concentration distribution woulcl be given by light 

entering the cell at some angle othe:c than 90°. Hm1ever, the 90° position 

for the light source 1·7as chosen because it is correet for sedimentation 

velocity runs, the reference lines are sharp, and the angle at ;.;hich 

light enters the cell can be adjusted by bottom 1-1edge ·Hindm1s more easily 

than by changing light source position every run. ~ne problem of light 

bending across isoconcentration surfaces is treated more fully in the 

appendix. 

The shado1-1 method (30) was used to determine the 90° front to rear 

position of the light source. This method depends on the reflection of 

light off the air-v7ater interface in the cell 1·lhen light which is not 

parallel to the interface passes through the cell. This reflection v7ould 

normally be focused on the film at the position of the meniscus but if 

the camera lens is displaced about an inch from its proper position the 

reflection will not be correctly focused and will appear as a dark line 

or shado1-1 to the side of the meniscus. 

To position the source on this machine the slit \·7as removed and the 

camera lens was displaced about an inch f r om its proper position. A cell 

partially filled \vith 1·7ater 'Has spun at 1.~4, 770 rpm and a series of pic

tures were taken at different front to rear positions of the light source. 
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Hi th the light in the correct position the shadow disappeared (or \·las 

evenly distributed on both sides of the meniscus). Less than 1/8 inch 

displacement of the light source from the correct front to rear position 

caused the shadovl to appear to the side of the meniscus . The correctness 

of the front to rear l ight source position can be verified by checking 

to see that the reference edges and top and bottom edges of the cell all 

appear sharp. 

Front to rear misalignment of t he light source will produce sloping 

baselines, blurring of certain cell and reference edges and changes in 

density gradient band shapes. Bl urring of edges resulting from front to 

rear misalignment is apparently caused by reflections off surfaces of the 

cell assembly or counterbalance, for a s the source is moved rearvmrd from 

its correct position the cell bottom edge and top reference edge become 

blurred in the picture \·lhile t he cell top edge and bottom reference edge 

remain sharp; the opposite occurs upon moving the light source forvmrd. 

llhen wedge vlindovls or refractive index gradients are used it is often 

impossible to obtain pictures in \·lhich both cell edges appear sharp. 

This blurring is presumably caused a t least in part by reflections off the 

cell assembly, but the possibility of refractive index dispersion effects 

for light of different vmvelengths has not been excluded (see Filters) . 

Slit . The slit used for this work has been l/8" x 1/8", ·1-1hich 

allows the use of an alternator for running tim cells simultaneously. 

This slit assembly consists of a 1/2" x 1/8" slit which lies along the 

arc of the light source and is positioned prior to placing another 

l/2" x l/8" slit across the arc to define the l/8" x l/8" aperture . 

After the arc of the lamp has been cor rectly positioned beneath the 



-19-

collimating lens (see Light Source) the slit has only to be placed over 

it so that the lens sees the arc symmetrically. The i mage of the arc 

which is seen by the optical system is focused behind the camera lens_, 

and this image as 1·mll as the edges of the s lit may be readily seen on a 

card placed at this position. Vie1-1ing t he i mage of the arc through an 

empty, evacuated chamber t he l/2" x 1/8" slit 'YJhich runs along the arc 

should be positioned so tha t the arc is seen on the card to be centered 

bet1veen the edges of the slit. The slit 'Y7hich lies across the arc 

affects the vertical position of t he beam a t the camera lens and should 

be placed so that the beam is at a convenient height for use of the 

alternator. Once the slit is positioned a slight side to side movement 

of the light source serves as a good fine adjustment for the f inal place

ment of the images at the alternator. 

It is possible that changing light sources may slightly alter the 

front to rear position of the arc. itlhen a slit is used this possible 

displacement can be readily checked by examination of the image of the 

arc focused behind the camera lens to see if the arc is still centered 

bet·Heen the edges of the slit. If the arc position has indeed changed 

it may be that a slight rotation of the source may remedy the situation 

without the necessity of repositioning the source by the shadow method. 

Theoretically the nal~rov7er the slit the more parallel the light and 

hence the truer the film reproduction. In practice, however, pictures 

taken with no slit, a .005" x 1/2" slit or a 1/8" x 1/8" slit showed no 

appreciable differences in band shape . Hmvever , if the slit is not placed 

symmetrically over the arc of the l amp uneven illumina tion of the cell 

and sloping b aselines may result. 



-20-

Filters . A combination of a Br2 gas filter, a Cl2 gas filter and a 

purple corex glass filter ,.1as used for all density gradient runs, but 

omission of the corex filter in velocity runs allOi-7ed an approximately 

twofold increase in intensity. Figures 3 and 4 give the absorption 

spectra of the filters and tracings of spectrograph pictures taken on 

Kode.lt Ccm <nercial film through the t1·1o filter combinations used, by 

placing a spectrograph at the mirror position. The addition of the corex 

filter to the Br2-c12 combina ·cion appreciably improves spectral purity 

by eliminating light belm·T the 244 line as 1-1ell as a very small amount of 

visible light. 

The addition of the corex f ilter to the Br2-c12 combination in 

banding runs increased the height and sharpness of the bands and reduced 

the blurring of the bottom edge of the cell. Some blurring of the cell 

edge might be expected from reflection of the light deflected by the 

density gradient off surfaces of the cell assembly (see Light Source) 

but it is unlikely that addition of a corex filter 'vould reduce blurring 

from this cause. It seems more likely tf1.at, due to the high refractive 

index dispersion in the ultraviolet, light of the various ·Havelengths 

from 230-280 mJ..L is bent to different. degrees through the refractive index 

gradient and focused at slightly different positions on the film to pro

duce the observed effects. The marked increase in spectral purity 

obtained by use of the corex a pparently improves the situation but it is 

impossible to estimate hm1 important the remaining dispersion problem may 

be. Obviously the lm·ler the density gradient the smaller these ·effects 

'wuld be. 
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Figure 4. Spectrograms , of GE H85A3/UV light source taken through 
different :filter combinations l-7ith an Adam Hil ger Quartz Spectrograph 
on Kodak Commercial film. 

The assistance of :VJr. Rober'~ Ste1-mrt in taking the spectro
graphs and identifying wavelengths is [Y:'atE:!fully acknmlledged. 
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Q.uali tative support for the notion t:b_at dispersion effects are 

involved in the blurring of the bottom cell edge comes from pictures 

of a density gradient taken t r.ccough a Cl2 -corex combination, v7hich 

transmits light in t he 260 mj.l and 400 m!J. regions. As shmm in Fig. 5, 

the 400 mj.l i mage of the cell bottom fo.lls inside the 260 mj.l image of 

the cell in a posi"i:;ion 'Hhich ;wuld s uggest that dispersion be tv1een 265 

and 230 could account for t he additional b l urring of the bottom edge 

which i s seen without the corex. 

Camera Lens. The position of t he camera lens determines the focal 

plane i n the cell as i·Iell a s the magnification from cell to film. 

Although the magnification changes i-tith camera lens positi on it is inter

esting that there is essentially no los s of sharpness in the film image 

of cell boundaries, reference edges, or scribe lines on i·7indows and no 

change in the normalized shape of a density gradient band upon changing 

t he camera lens position as much as tiw inches. This is an indication 

that the cell is illuminated by light that is essentially para llel. 

Hov1ever, although the lig...'lt may be parallel upon entering the cell, 

the refractive index gradient in the solution due to the compression 

gradient (or to the density gradient, if present) bends the light passing 

through ·the solution aivay from t hat passing through the air bubble . The 

light beams in each group remain interna lly parallel, and thus both 

images remain sharply focused, but the tv7o groups di ve:rge through the 

lens system, only to be focused adjacent to each other again on the film. 

If focus is incorrect the images of the air bubble and solution on the 

film will be either too v7idely spread or overlapped. 
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Ill ~k!UII Br
2
-cl2-Corex 

I E r;,r r -- .&:. --
Br2-c12 

·r I 1 I Cl2-Corex 

-::'---------

Centrifugal Force 

Figure 5. Pictures, taken through different filter combinations, of'a 
cell spinning at 44,770 r pm and containing a CsCl solution of density 
approximately 1.7 g/ml. The center line inside the cells is the meniscus 
and the t'w outer lines are scribe lines on the bottom windovr. The top 
·t-rind0'\·7 'Has a negative l o '"edge v1indmr. 
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TYro methods ·Here used to position the camera lens. The shadm·r 

method (see Light Source) is to be preferred, but its accuracy -vras 

checked by focusing scribe lines on the 'l·lindmis -vrhen diffused light ·Has 

passed through the cell. The s:b.adoH method is again based on the use of 

the ref lection of light off the a ir-'l·ia ter i nterface 'l·rhich occurs when the 

light source is out of position . If the camera lens is correctly focused 

this r eflection \·rill be focused back at the meniscus, but if not it will 

appear as a dark line or shadou to t hz side of the meniscus on the film. 

To position the camera lens by the sha dm-7 method the light source is 

moved t mrard the front of the machi ne from its cor:cect position, a cell 

partially filled with 1·7ater is spun at the desired speed ( 44,770 rpm in 

this machine) and a series of pic·cures is taken at different camera lens 

positions. The picture in >·7hich the sbadm·7 disappears i nto (or is evenly 

distributed around) the meniscus de·ce:cmines the correct camera lens 

position. For this machine the correct camera lens position -vras 

deter mined by the shadm·7 method t o be 8-1/4". 

I n t he second method of focusing a ground quartz diffuser vias placed 

over the collimating lens inside the chamber and a cell with scribe lines 

on top and bottom '1·7indmrs i·Ias parti a lly filled with water and spun at 

44,770 r pm. Pictures "t·rere t aken 'l-7i th t he camera lens at different positions 

to determine the positions where various lines and edges appeared most 

sharply focused . (If a diffuser is not used all lines remain s harp at all 

camera l ens positions .) 
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The results are as follov7S: 

Object focused 

Scribe line on bottom ~~indm·7 (through H 0) 
2 

Scribe line on bottom ·1-1indm-1 (through air) 

Scribe line on top '\·lindm-7 

Meniscus - never sharp but best at· 

Aperture edge - a reference knife edge at 

midplane of cell 

Camera lens position 
at best focus 

8-3/8 

8-3/4 

7-7/8 

7-7/8 

8 - l/4 

It can be seen from these results t hat for water in the cell the s r..a.dow 

method positions the camera lens so t hat the focal plane falls near the 

midplane of the cell. 

The degree of divergence bet-v1ee n light passing through air bubble 

and solution "Hill be a function of t he refractive index gradient present 

in the solution. For this reas on t he camera lens position >-lhich gives . 

the sharpest meniscus "Hill b e slightly different for different runs, 

depending on the gradient prese~1.t. Hmvever, in order to keep the 

magnification factor constant for all r uns the camera lens position '\vas 

determi ned for i·7a ter, and onc e de t er mined wa s not cha n ged. 

Alternator. Tl"le alterna tor is an attachment used in conjun ction 

vli th a l/8" x l/8" slit and a s i de Hedge Hindov7 to allov7 automatic 

photography of tuo cells run simultaneously. The alternator itself is a 

horizontal bar v7hich automa tically assumes one of t ·Ho positions every 

time t he film shift motor operates. It is placed between the camera lens 

and film at the position ·1-1here t he i mage of the l/8" x l/8" slit is most 

sharply focused. In a double ce ll run the foc used i mage of t he slit as 
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seen through the cell containing the side ,.,edge is displaced vertically 

from the undeviated i mage of t he slit thus producing a clear separation 

of the light passing through the b m cells. The alternator bar is placed 

so that in each position it b locl<:s out ·che light from one cell but allo'I-TS 

light from the other to proceed to tl".:=: fi l m. Si nce no counterbalance is 

used in double cell runs the only r eference line present on the film 

,.,ill be that of the rotor, and s ince the light through it is undeviated 

this line '1-Till appear on ly in pictures of the cell which has no side 

·vredge . 

Placing the side ,.,edge at the bo·c·com of t he cell a ssembly deviates 

light up1-1ard at the camera lens ·Hhereas light is deviated dm-TmTard if 

the side '\-ledge is at the top of the cell assembly. The alternator on 

this machine 'vas ali gned so t hat t he side uedge must be placed at the 

bottom of the cell assembly. The a lternator bar can be placed at 

a pproximately the right height f or double cell operation by an a djustment 

on the alternator itself. Since movement of t he light source in the side 

to side direction shifts the ima~es at the alternator vertica lly, fine 

adjustment is readily achieved by t his means. The regions above and 

belou the slit images at t he al·cer nator can be blocked out to keep any 

unwanted reflections in t hese regions f rom reaching the film. Once t he 

alternator and slit were positioned on thi s machine they '1-lere not changed 

or removed ·and velocity runs as well a s density gradient runs were made 

through this system. I f one cell on ly is to be run the poHer to the 

alterna tor can be disconnected and t he bar 1-1ill not shift bet'I-Teen picture s. 

It shoul d be possible to malce density gradient runs '"ith tm.~ee cells 

and a counterba lance by using a side '1-ledge at t he top of the third cell 
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assembly and a negative Hedge in the cell 1-1hich has no side '·ledge . If 

the alternator assembly is removed :from behind the camera lens, pictures 

of each cell including counterbalance reference lines coul d be taken by 

blocking out the umJanted images manually. 

Film and Densitometer . The ultraviolet picture of the . centrifuge 

cell was recorded on Kodak Com~r;2rcial Sheet Film and the f i l m record 

v1as translated t o a plot of film OD agains·c distance in the cell by 

Joyce - Loebl double beam recording microdensitometers. If the densitometer 

trace is to be an accurate represe nta·cion of the concentration distribu

tion in the cell, the OD on the film must be a linear function of DNA 

concentration in the cell and the pen displacement of the densitometer 

must be a linear function of film OD. 

The film v1as developed by the follm1ing standard procedm~e : 5 minutes 

in D-11 developer, 30 seconds in stop bath, 5- 10 minutes in fixer, an 

hour in running ,.later rinse, dip in Photo -flo and dry. Occasionally 

2 minutes in hypo clearing agent and a 5 minute running vmter rinse were 

substituted for the one hour rinse. The slope of the plot of film OD 

against the log of the incident intens ity vms of the order of 0.75- 0 . 90 

for films treated in this manner . 

To examine the range of intensities over 1-1hich film respo;,1se is 

linear an exposure series of a density gradien t run '·las taken using a 

fresh lamp . As can be seen in Fig. 6 the film OD v1as a linear function 

of the log of the exposure time for times betueen about 1 5 seconds and 

10 minutes. Since lamp intensity varies vJidely vJi·ch l a n:p age exposure time 

is not a reliable measure of intensity from one experiment to the next, 

but if a standard developing procedure is used the OD of an exposed portion 
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- 0 .76 
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l::l. Log Exposure 
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Figure 6. Response of' Kodak Commer cial film under standard developing 
procedure as a f'unction of' exposure time in an ultracent;rif'uge run. 
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of the film relative to an unexposed portion should be a reliable 

exposure index. Thus, in this work any film OD lying between 0.6 and 2 

was assumed to be in the linear range of film response. The linear range 

may extend beyond an OD of 2 but this was not investigated because the 

densitometers used did not respond linearly to film OD much beyond this 

range. 

Linearity of film response to DNA concentration was checked by 

taking a series of 6 minute exposures of a density gradient run placing 

DNA solutions of known ODs between the light source and the collimating 

lens. As shown in Fig. 7 the film OD was found to be a linear function 

of DNA OD at 258 m~ up to a DNA ob of at least 1.1. No trace of blacken

ing could be detected on a film exposed for 6 minutes through a DNA solu

tion of an OD around 3, demonstrating the absence of light of wavelengths 

not absorbed by DNA or of light leaks in the system. Thus, in this 

system the DNA concentration distribution in the cell will be accurately 

represented on film if the maximum DNA concentration does not exceed an 

OD of 1.1 over the path length of the cell and if the film OD is in the 

range of 0.6 to 2. 

In velocity sedimentation experiments the corex filter was removed 

in order to ,obtain an approximately twofold increase in intensity, and 

one minute exposures were generally used. 

During the course of this work films were traced on three different 

Joyce-Loebl and Co. Ltd. double beam recording microdensitometers, a fact 

which r ef lects the difficulties encountered in obtaining reliable tracings. 

The machines used were: MK III Serial No. 35 and MK III B Serial No. 118 

at the California Institute of Technology and MK III B Serial No. 238 at 
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Figure 7• Linearity of film response to the optical density of DNA 
solutions placed in the li~1t path of the ultracentrifuge optical 
system. 
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the University of California at San Diego. The latter was made available 

through the kindness of Professors John Singer and Bruno Zimm and the 

helpfulness of Mr. Neville Kallenbach. 

Several difficulties were encountered at various times in using 

machines 35 and 118, the main ones being lack of pen sensitivity, lack 

of reproduceability, and non-linearity of pen response to film OD. 

bachine 238, which was only a few months old, behaved perfectly when 

checked by the following criteria: 

l) The pen response was very active for specimens of OD up to 

around 2.3 using travelling wedges of total range 2.4, 0.79 or 0.5 

density units. 

2) Retraces were perfect for specimens of all optical densities in 

this range using any of the travelling wedges. 

3) Pen response to sample density was linear up to at least 2 OD 

as checked by tracing a step wedge through different neutral density 

filters. 

4) The same film when placed in a forward or backward orientation 

on the specimen stage gave traces which were identical when superimposed 

in the proper sense. 

5) Traces of the same specimen using travelling wedges of different 

range gave identical values for the variance of the gaussian. 

The film to trace magnification was checked for the 20x and 50x 

lever arm settings and found to be 20.2 and 50.6. These 1% corrections 

were not included in calculating variances of the gaussians traced on 

this machine. The effective slit width used in tracing the films was 

0.002 em, about one tenth the value of crfor the narrowest film 

gaussians traced. 
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Molecular weights calculated from traces made by machines 35 and 118 

were in quite good agreement with each other but in several instances 

were l-2 x 106 higher than those calculated from traces on machine 238. 

The molecular weights reported in Fig. 8 were calculated from traces on 

machine 238 unless otherwise noted. 

Effect of Bent Light. In density gradient work the refractive index 

gradient bends light across isoconcentration surfaces as it passes 

through the cell, and this may lead to considerable error in the concen-

tration distribution recorded on film. Hearst and Vinograd (29) 

recognized this problem and derived an analytical expression for the 

concentration distribution which would be registered on film by light 

which was bent across a gaussian distribution in the cell. They concluded 

that the film record would be accurate within 1% between ~ 2 Cl if the 

light is deflected through 0.25 ~ or less in passing through the cell. 

However, since their analytical expression becomes unwieldy at higher light 

deflections the error due to banding light ac~oss a gaussian distribution 

has been evaluated here by straight numerical integration. The procedure 

used is outlined in the appendix and only the results will be quoted here. 

The variance of the gaussian band formed by T7 DNA in a CsCl density 

gradient at equilibrium is around .03 em at 25,980 rpm and around .01 em 

at 44,770 rpm. As shown in the appendix light is bent through the gradi -

ent in a 12 mm cell at 25,980 a maximum of around .003 em or 0.1 ~ and 

even less than 0.1 Cl in 3 mm cells at 25,980 or 44,770, so under these 

conditions the error in the film record should be negligible. However, 

at 44,770 in a 12 mm cell the light is bent through .007-.009 em, or 

0.7-0.9 o- , and the error in film reproduction in this case would lead 
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to an apparent 4-8% lowering of the molecular weight of the material in 

the cell. Since the experimental uncertainty in molecular weight is 

around ! 10% this lowering of the molecular weight would be all but 

undetectable. Thus in the work to be reported here errors from this 

source should have little or no influence on the molecular weights found. 

MOLECULAR I-lEIGHT OF T7 DNA 

The results of several CsCl banding molecular weight determinations 

on two different preparations of T7 DNA are presented in Fig. 8. The 

error flags, where present, indicate the extremes of the spread in 

molecular weights calculated from different exposures, or in some cases 

different baselines. Figs. 9 and 10 show some densitometer traces and 

their accompanying log C vs ~ plots. Many, if not most, of the curves 

from which the molecular weights were calculated showed slight skewing 

toward heavier densities, but the log C vs ~ plots were generally linear 

down to l0-20% of C max. 

The decrease in banding molecular weight in 12 mm cells at 44,770 rpm 

would appear to be due to some optical effect rather than a physical 

spreading of the band, since the molecular weight determined in 3 mm 

cells at this speed does not decrease at the same DNA concentrations. 

The most obvious optical difference between gradient runs at the same 

speed in 3 mm and 12 mm cells is that the bending of light upon passing 

through the cell is 16 times greater in the 12 mm cell. As shown in the 

previous section and the appendix the decrease in molecular weight due 

to the bending of light across isoconcentration surfaces in the cell 

should be less than 10% under these conditions and in any case should not . 

be concentration dependent. However, the lowering in molecular weight 
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observed might be due to dispersion in the bending of the light of 
-· 

different wavelengths upon passing through the gradient, with consequent 

displacement of the images made by the different wavelengths at the film. 

This idea is supported by the fact that addition of a corex filter to 

the Br2-c12 combination improves band shape. This problem could be 

explored more thoroughly with the help of a monochromator. 

DISCUSSION 

The anhydrous molecular "\-Ieight of T7 DNA as the sodium salt was 

6 found by the CsCl density gradient method to be 15-17 x 10 • Molecular 

weights were calculated using the procedures of Hearst, Ifft and Vinograd 

(3,4,5) and using the hydration and compression parameters which they 

evaluated for T4 DNA. The fact that these parameters were not directly 

determined for T7 DNA might introduce slight error into these calculations, 

especially since T4 DNA is glucosylated. Molecular weights have commonly 

been calculated without regard for hydration and pressure effects; the 

molecular weights so calculated are about 4-5% higher than those calcu-

lated by the procedures used here. 

A systematic examination of the optical system for possible sources 

of error in reproduction of band shape did not turn up any likely suspects, 

.. except for the possibility of dispersion effects at high gradients. The 

tracing of films appeared to be the least reliable element of the system 

and in fact the use of different densitometers led to differences in 

molecular weights of 5-lO%. Only the molecular weights calculated from 

the tracings considered to be the most reliable were given here, and 

these were generally among the lowest values obtained. 
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The banding molecular weight determined here is in fairly good 

agreement with that determined by Davison and Freifelder, 15 x 106 (22) 

and also that determined by Meselson, 18 x 106 (21), but it is distinctly 

higher than that determined by Thomas and Pinkerton, 10 x 106 ·(20) on a 

sample of T7 DNA prepared here. Unfortunately we have no molecular 

weight determination on the sample on which Thomas and Pinkerton 

determined their molecular weight because our centrifuge was inoperative 

at that time. Although three separate preparations measured here all had 

banding molecular weights in the 15-17 x 106 range, it is possible that 

the sample which they received was slightly degraded, either here or in 

transit. 

Davison and Freifelder (22) have determined the total DNA content 

of the T7 bacteriophage to be 19 x 106 grams per mole of phage by 

sedimentation-diffusion and light sca ttering on whole phage. The T7 

phage used for the studies reported here was found by Davison to be 

essentially identical to their material (31). Thus the molecular vreight 

of 15-17 x 106 found for T7 DNA by the density gradient method is about 

80-90% of the total DNA content of a single phage. The sharpness of the 

velocity sedimentation boundary suggests t hat if more than one molecule 

of DNA is liberated per phage particle all such molecules must be of 

essentially identical molecular weight. Since almost any error in the 

density gradient method tends to lower the observed molecular weight 

the banding result appears to exclude the possibility of half molecules 

of molecular weight 9·5 x 106. Thus when taken together the density 

gradient and sedimentation velocity results argue strongly that the 

preparations of T7 DNA are homogeneous populations, each molecule of which 

contains the entire DNA content of a single phage. 
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These results do not support the contention of Thomas and Pinkerton 

that the banding molecular weight of homogeneous DNA preparations is a 

factor of two below the true molecular weight, and indeed suggest that 

the banding method may be quite accurate for T7 DNA. This conclusion 

would be strengthened by an independent determination of the molecular 

weight of the isolated T7 DNA. If we may disregard the T7 DNA molecular 

weight determined by Thomas and Pinkerton the discrepancy in results 

might possibly be due to length dependent non ideality factors which 

might broaden the equilibrium bands observed for very high molecular 

weight DNAs but which might be all but inconsequential for molecules the 

size of T7 DNA. 
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REVIEW 

The Watson-Crick hypothesis for the structure of DNA (32) provides 

a model for interpretation of phenomena observed during denaturation and 

renaturation, and thus has stimulated a great deal of work in this field 

in the past ten years. Denaturation, a highly cooperative phenomenon, 

has been interpreted as the collapse_ of the well ordered Watson-Crick 

structure into a more random configuration (33). The recovery of native 

properties by denatured DNA has been called renaturation (34). At present 

there is some disagreement as to whether or not the individual comple

mentary strands of the double helix actually separate and recombine 

during denaturation and renaturation (35,36). 

Denaturation 

Denaturation of DNA has been induced by agents such as heat (33,37, 

38,39), acid (37,38,40,41), alkali (42), low ionic strength (40), and 

high concentrations of certain salts (43) and organic compounds (33,44, 

45,46); it is accompanied by changes in such-properties of DNA as ultra~ 

violet absorption (39,40), viscosity (33,40), optical rotation (40, 44), 

radius of gyration (33,40), banding density in a CsCl density gradient 

(9,11), morphology in electron micrographs (47), chemical reactivity of 

the bases (48), and biological activity (45,49). Although denaturation 

is often accompanied by complicating side effects such as aggregation of 

denatured material (33,42) or degradation of the covalent DNA structure 

(34,50,51,52), much has nevertheless been learned about the denaturation 

process. 

The cooperative collapse of the ordered native DNA structure in 

response to heat has been called melting by analogy to melting of a one 
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dimensional crystal (39). A plot of ultraviolet absorbancy of a DNA 

solution against temperature is called a melting profile and the 

temperature at which the increase in OD is half maximal is called the 

melting temperature, Tm· It has been pointed out that Tm is not neces

sarily the temperature at which the native structure is half collapsed 

(53); nevertheless, the Tm of a DNA solution is a measure of the 

stability of the native structure and depends on ionic strength, pH, 

solvent composition, and the composition of the DNA itself. The stabil

ity of the native DNA structure, as measured by Tm' increases with 

increasing ratio of GC to AT in the sample (54,55). This, coupled with 

the fact that nucleotides appear to be distributed in a non-regular 

sequence along the DNA chain (56), suggests that in the course of 

denaturation, regions of the helix rich in A-T pairs may collapse before 

G-C rich regions do so. 

Although the entire transition from the native to the denatured 

state of DNA occurs over only a few degrees change in temperature, the 

collapse process has been studied in considerable detail . The early 

part of the collapse process has been shown to be reversible as evidenced 

by the recovery of native optical density upon rapid cooling of DNA solu

tions from a partially hyperchromic state (57), the recovery of native 

viscosity and hypochromicity after partial acid denaturation (37,58,59), 

the recovery of native characteristics after partial denaturation in 

organic solvents (46), and the fact that prolonged heating of E. coli DNA 

density hybrids at Tm does not produce separation of the subunits in a 

CsCl density gradient (60). 
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Addition of formaldehyde to DNA solutions prevents the reversal of 

the early stages of denaturation as shown by the fact that such solutions 

do not recover any hypochromicity upon cooling (61). Intermediate 

molecular states of denaturation have been demonstrated for T4 DNA which 

has been denatured to an intermediate hyperchromicity in formaldehyde 

solution by 1) the observation of partially denatured molecules in 

electron micrographs of such DNA (62) and 2) the fact that in a CsCl 

density gradient such DNA forms a single band of density intermediate 

between the densities of native and denatured DNA (61). The subunits of 

density hybrids of E. coli DNA heated in formaldehyde do not separate 

until the increase in absorbance is about 75~ completed (63). 

If denaturation is taken beyond the point of maximum ultraviolet 

absorption for any length of time the DNA becomes irreversibly denatured; 

that is, native properties are not recovered upon rapid cooling of the 

solution (34,57). The fact that both reversible and irreversible 

denaturation may be observed has been interpreted in terms of the intra

molecular heterogeneity of DNA (57). Since the linear sequence of bases 

in a DNA chain is essentially random and the two strands of the double 

helix are perfectly complementary, presumably only one of the multitude 

of possible pairings between complementary strands will allow the perfect 

base pairing along the full length of the molecule necessary to produce 

the native structure. If a molecule is only partially denatured a few 

small native (GC rich7) sequences may remain which can hold the strands 

in register and serve as nuclei for the rapid reconstitution of the native 

structure upon removal of the denaturant. But if the collapse process is 

carried to the .point where the native register is lost, the few random 
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pairing attempts possible upon rapid removal of the denaturant have a 

very low probability of establishing the unique base pairing necessary 

to form the native structure. If the double stranded structure is 

chemically cross linked and thus permanently held in register it cannot 

be irreversibly denatured (64,65). 

Renaturation 

It has been found that certain completely denatured DNAs can recover 

their native properties, at least to some extent, if the denaturing con

ditions are withdrawn very slowly or if the material is held for some 

time under conditions slightly milder than those which initiate denatura

t i on (34,60,66,67). The term r e na tura t i on has been applied to this 

process and will be here restricted to cover reconstitution of the native 

structure of irreversibly denatured DNA and not applied to reversal of 

the early stages of the collapse process. 

Renaturation has been measured by the extent to which a denatured 

DNA sample recovers the native condition of such properties as ultra

violet absorption (34), biological activity (66), banding position in a 

CsCl density gradient (34,60), and appearance in electron micrographs 

(34,68). The degree to which a denatured DNA sample will renature is 

dependent upon the source of the DNA (34). Bacteriophage DNA renatures 

extensively (68) and bacterial DNA partially (34), but DNA from higher 

organisms has not been shown to renature at all (34). Renaturation is 

strongly dependent on the ionic strength of the renaturation medium as 

well as on temperature and DNA concentration (66,67). An excess of non

homologous DNA can inhibit renaturation (66). 
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Most studies of renaturation have been done on bacterial DNA, which 

is known to be heterogeneous. Generally renaturation of bacterial DNA 

proceeds to a maximum of 50-60% recovery of the native condition as 

measured by biological activity or ultraviolet absorption (67,69). 

· Renaturation is generally accompanied by non-specific aggregation, 

especially at high DNA concentrations (60,68). Such non-specific 

aggregates have been dispersed by the use of a diesterase which attacks 

denatured DNA (60). Mixed renaturation between homologous DNA samples 

?earing different markers has been shown to produce biological and 

density hybrids (60,66,70), but renaturation of mixtures of non-homologous 

DNA samples does not produce such hybrids (60,66). 

Renaturation has been interpreted as a bimolecular reaction between 

separated complementary strands of the DNA double helix (34,36). Con

ditions slightly milder than those lvhich denature presumably allow 

complementary strands to try a great number of possible pairings until 

long stable sequences of perfect base pairing are found. Only comple

mentary strands should be able to find long sequences of complementary 

pairing and the possibility of a given strand finding a complement would 

be less the more heterogeneous the DNA sample. This may explain why DNA 

of higher organisms does not renature and why the presence of non

homologous DNA inhibits renaturation. However, Cavalieri, Sarkar and 

Small (35,69), on the basis of renaturation kinetics of E. coli DNA, 

feel that renaturation is not bimolecular and that the above data can be 

explained equally well without the assumption that the complementary 

strands ever separate. 
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DENATURATION 

METHODS 

The work to be reported here attempts to study the mechanism of 

denaturation and renaturation of a homogeneous DNA using methods which 

do not degrade its primary structure. The DNA of bacteriophage T7 was 

chosen for this work because it should be essentially homogeneous, it 

contains only the four 11normal" DNA bases--adenine, thymine, guanine, 

and cytosine (71), it contains no extra attached sugars (71), and its 

small size renders it relatively insusceptible to hydrodynamic shearing 

forces (22). The details of preparation of this DNA are given in 

Section I. 

Determination of Percentage of Native Material 

One of the aims of this work has been to examine the kinetics of 

irreversible denaturation. In order to do this it is necessary t 'o have 

methods which can accurately assess the degree to which a given sample 

is native. Three methods were used to examine the composition of DNA 

samples irreversibly denatured to various degrees: melting procedures 

give information about the percentage of total bases in the native 

configuration, whereas density gradient banding and sedimentation 

velocity experiments give information on the molecular composition of the 

sample. These methods have been tested for their ability to resolve 

mixtures of native and fully denatured DNA and this information is used 

to interpret the results obtained on partly denatured samples. 

For convenience the percentage of native material in a sample will 

be designated %N and subscripts will be used to identify the method by 

which %N was determined, such as %Nm when determined by melting techniques 

and iNb when determined by banding in a CsCl density gradient. 
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Melting. A sharp increase in ultraviolet absorption over a narrow 

range of temperature is a characteristic of native DNA which is attributed 

to the cooperative melting out of stacked sequences of base pairs (72). 

Since denatured DNA exhibits almost no change in optical density through 

the characteristic melting range of native DNA, the percentage increase 

in OD over this temperature range is a vossible measure of the proportion 

of bases in a sample which are involved in native sequences. However, 

since T7 DNA renatures with great facility under a variety of conditions 

the melting assay will be inaccurate unless the possibility of renatura

tion under the assay conditions is excluded. 

Melting profiles were measured in a Beckman DK-2 ratio recording 

spectrophotometer equipped with a Beckman temperature-regulated cell 

holder. Temperature measurements were made by means of a thermometer in 

the blank solution and the OD measured was that at maximum absorption. 

For accurate temperature profiles the optical densities in the sharply 

melting region were measured after both temperature and OD had stabilized, 

but when only the total hyperchromic change was desired readings were 

taken as fast as the heating block would heat. 

An easy way to see if renaturation occurs in a given solvent is to 

melt a DNA sample in that solvent two times in succession. If the second 

melting profile shows any sharply melting component at the characteristic 

native melting temperature renaturation .has .occurred during the cooling 

and reheating cycle. The results of such double melting profiles on 

native T7 DNA at 28 ~g/ml in solvents containing different concentrations 

of NaCl are shown in Fig. 11. The cooling period was 45-60 minutes. 

Renaturation occurred in solutions containing NaCl at a concentration of 
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Figure 11. Kalting profiles of T7 DNA at different NaCl concentrations . 
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.05 M or higher, but did not occur in solutions .005 M or .01 Min NaCl. 

The percentage increase in OD due to the melting of native DNA is 

essentially independent of both ionic strength and DNA concentration 

(not shown). 

Differences in the extent of renaturation among samples denatured 

at different salt concentrations could be due either to differences in 

t he nature of the material formed upon denaturation or to differences in 

the ease of renaturation in the different solvents. To demonstrate that 

the latter is the case a solution of T7 DNA which had been melted and 

cooled in .01 M NaCl was brought to 0.46 M NaCl by addition of a tenth 

volume of 5 M NaCl and then melted again. The melting profile of the 

DNA in 0.46 M NaCl (Fig. llf) shows that extensive renaturation occurred 

during the heating and thus demonstrates that high ionic strength sol-

vents are unsuitable for determination of %Nm· 

No renaturation of T7 DNA in 0.01 M NaCl, 10-3M TRIS, pH 7·5 was 

ever detected during the cooling and heating cycle nor after storage in 

the refrigerator at ca. 4°. DNA samples were therefore melted in this 

solvent for determination of %N • Since all T7 DNA samples at temperatures m 

above the melting range have the same extinction coefficient, all OD 

measurements were put on a common base by expressing OD as the ratio of 

the given OD to that of the completely melted sample, The value of %Nm 

for a given sample in .01 M NaCl can then be calculated: 

X 

(
OD65) 

denat - OD85 sample 
= 100 

( 
OD65 ) 

denat - OD85 native 
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where OD65 and OD85 refer to optical density measurements made at tem

peratures just below and just above the melting range, and the subscripts 

native and denatured refer to fully native and fully denatured samples. 

In .01 M NaCl the ratio ( OD65 ) was 

· OD85 

t aken to be ·735 for native and .986 

for denatured DNA, and thus in this solvent 

= 100 X 
(

OD65) 
OD85 sample 

.251 

Table l, page 52, compares ~lm for mixtures of native and denatured DNA 

with %Nb' the percentage of native material determined from CsCl density 

gradient banding experiments. 

Banding. The second method used to estimate the percentage of native 

material in a sample was that of banding in a CsCl density gradient. 

Mixtures of native and denatured T7 DNA banded in CsCl at 44,770 rpm are 

resolved into two peaks about_ .014 density units apart. These have 

little or no overlap, and thus the percentage of native material can be 

estimated from the relative amounts of material in the native and 

denatured bands. T4 DNA, which bands at a position about .010 density 

units lighter than native T7 DNA, v1as used as a density marker. 

Since the amount of material in such bands is measured by the 

ultraviolet absorption optics of the ultracentrifuge, the relative 

extinction coef ficients of native and denatured DNA in CsCl through this 

optical system must be known in order to de termine their relative con-

centrations. The extinction coefficient at 258 m~ of denatured DNA 
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relative to that of native DNA (both in 60% CsCl at 25°) is estimated to 

be roughly 1.08. This figure was obtained from the melting profile of 

denatured DNA in 60% CsCl shown in Fig. llg by comparing the OD of 

denatured DNA at 25° with that of renatured DNA. This correction was 

disregarded because: 1) the error introduced by neglecting this factor 

is generally within experimental error, 2) the precise correction for 

the ultracentrifugal wavelengths is not known, and 3) in experiments 

involving partially denatured or partially renatured samples DNA banding 

about certain densities might possess hypercbromicities intermediate 

between those of native and denatured DNA. 

Mixtures of native and denatured DNA were both melted and banded to 

determine whether the two methods yield similar and accurate measures of 

the proportion of native material in a sample. Table 1 shows the 

results of four such experiments: 

% Native calculated 
from amounts added 
to mixture 

25 

55 

67 

75 

Table 1 

d.a..'tf 
' m 

% Native calculated 
from melting data 

28 

52 

61 

79 

%Nb 
% Native calculated 
from banding data 

29 

59 

69 

81 

Thus these methods appear to agree fairly well and to approximate the 

actual percentage of native material in a mixture of native and denatured 

DNA to within ca. ~ 10%. 
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Sedimentation Velocity. Sedimentation velocity is a poor method ror 

quantitative estimation or the proportion or native material in a sample 

because or the pronounced Johnston-Ogston effect (73). It is however 

useful as a qualitative test for the number or components present at 

low salt concentration and also as a t est for the presence or small 

quantities or denatured material in a sample. 

Preliminary-experiments on sedimentation of mixtures or n~tive and 

denatured DNA gave very erratic results, probably due to poor control of 

pH. Boundary instability was also noticed in several early experiments 

but this problem was eliminated after servicing of the rotor temperature 

indicator and control system of the ultracentrifuge. Runs were made in 

cells with 12 mm 4° Kel-F centerpieces and conditions were standardized 

to 44,770 rpm in 10-3 M NaCl containing l or 2 x 10-4 M TRIS. Both native 

and denatured T7 DNA sedimented with sharp boundaries under these con-

ditions. At 44,770 rpm the sedimentation pattern of native DNA exhibited 

the sloping plateau noted by others (20,74,75) in presumably homogeneous 

samples of native DNA, but this effect was absent, or very slight, at 

25,980 or 31,410 rpm. 

As would be expected from charge effects in such dilute salt, sedi-

mentation coefficients were strongly dependent on DNA concentration and 

pH. Fig. 12 shows the variation of sedimentation coefficient with con-

-3 -4 centration for native and denatured DNA in the 10 M NaCl, 10 . M TRIS 

solvent, which generally had a pH around 8.3, although measurements of pH 

after runs varied between 7·5 and 8.85. Lowering the pH of a denatured 

sample from 8.85 to 5.3 raised the sedimentation coefficient from 10.0 to 

15.4 s. 



- 54-

221 
20-

18l 
16 

14 
(/) .L~ ()") ,_ 

12 Cl> 
..0 

0 "0 
Cl> 
> 10 0 (/) 

. ... 8 $ 8 
6 
C\J 0 (/) 6 

00 
0 

4 

2 

0 
0 10 20 30 4 0 Jlg / ml 

DNA Cone. 

Figure 12. Sedimen~ation coefficient o~ native and denatured T7 DNA 
in l o-3 M NaCl, 10- M TRIS at 44,770 rpm. . 

~ Native DNA : 48 f..Lg/ ml = l OD 

0 Denatured DNA : 36 f.lg/ml = l OD 



-55-

The separation of mixtures of native and denatured DNA in 10-3 M 

NaCl depended strongly on pH. A 1:1 mixture of native and denatured 

DNA gave two sharp boundaries of 9.0 and 14.8 s ••hen sedimented at pH 9 

"i~hereas the same mixture at pH 6 ·Has all but unresolvable, exhibiting 

sedimentation coefficients of 13.2 and 15.4 s. Thus the sedimentation 

coefficient of denatured DNA is apparently more strongly affected by pH 

cl::.anges in this range than is that of native DNA, as might be e;~pected 

from the difference in their titration properties (37,40,41) . 

The Johnston-Ogston effect varied with conditions but generally the 

relative concentration of the denatured component vra s enhanced at least 

50%. The sedimentation pattern of a mixture containing about 93% native 

material showed a sharp denatured component with about 20% of the total 

absorption. 

Formamide as Denaturant 

In order to get away from the degradative effects of the high tem

peratures needed for denaturation in aqueous solution, f ormamide was 

used as the denaturing agent in most of the work reported here. It has 

been shown that DNA dissolved in formamide at room temperature loses its 

secondary structure and that it behaves as completely denatured material 

vThen returned to aqueous solution ( 44). In the early stages of this 

work it was discovered that the presence of a moderate amount of salt in 

the formamide solution apparently stabilizes the native structure of DNA 

in formamide. Thus it seemed likely that conditions could be established 

for the complete cyc~e of denaturation and renaturation at room temperature 

under conditions in which there is no degradation of the primary DNA 

structure. 



-56-

In order to establish that formamide does not degrade the primary 

structure of nucleic acids TMV RNA was dissolved in formamide and tested 

for change in infectivity and sedimentation pattern. The TMV RNA was 

prepared by phenol extraction of TMV prepared by the method of Simmonds 

( 76), alcohol precipitated, vlashed ivi th a lcohol follov1ed by ether and 

dried. Samples were dissolved in formamide at 1 mg/ml and allowed to 

stand at room temperature for periods of l-24 hours before precipitation 

in the cold by addition of an equal volume of cold aqueous buffer 

followed by alcohol to 75%· The precipitates were redissolved in 

aqueous 0.02 M phosphate buffer, pH 7.3, and tested for changes in 

infectivity and sharpness of the ultracentrifuge boundary. Generally 

the infectivity and sedimentation characteristics of the T~W RNA indicated 

a 10-40% degradation of formamide-treated RNA as compared with untreated 

control RNA. It is assumed that this degradation was due to the pre

cipitation and solution procedures since the infectivity and sedimentation 

properties of the RNA remained constant with times of storage up to 24 

hours in formamide at room temperature. The fact that the infectivity 

and sedimentation patterns of the RNA are stable for long periods of 

solution in formamide strongly indicates that the formamide itsel f does 

not degrade the primary structure of TMV RNA. It ha s subsequently been 

found that the infectivity of ¢Xl74 DNA is also stable in formamide (7 7). 

Thus it is concluded that formamide does not chemically degrade RNA or DNA. 

Although the use of formamide for denaturation and renaturation 

studies has the advantage of not degrading DNA it does have disadvantages 

as compared to aqueous solutions. Formamide is not transparent to ultra 

vi olet light so observations involving ultraviolet absorption of DNA can 

only be made in l mm cells and at high DNA concentrations. Under these 
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conditions spectra can be obtained down to 250-260 m~ (78). Upon 

exposure to ·Hater, formamide sl0\·7ly hydrolyzes to formic acid and 

ammonia and the solution gradually becomes acid (79). l~theson, 

Coleman and Bell 99% formamide was used for this work. The formamide 

i·7as tested periodically ivith brom thymol blue and i·7as discarded if not 

green to this indicator. Conductivity measurements shovted that some 

comm.ercial bottles of formamide contained appreciable quantities of salt. 

Such formamide ivas no-: :;.;:;2d . 

The standard procedure for denat;ura tion of DNA by formamide was as 

follows: A small volume of DNA in concentrated aqueous solution was 

diluted about twentyfold into an appropriate amount of a formamide, water, 

salt, and buffer mixture to give the desired final solvent composition 

for denaturation. The aqueous DNA stock solutions vtere generally about 

l mg/ml in 0.1 M NaCl, 0.01 M TRIS, pH 7·5 and were diluted vlith the 

denaturing solvent to a DNA concentration of ca. 35-50 ~g/ml, a concen

tration convenient for determination of melting profile after transfer 

to 0.01 M NaCl. The DNA v7as quickly dispersed in the denaturing solvent 

by gentle inversion of the tube or by gentle stirring for about 15 

seconds. The temperature of the denaturing mixture was controlled to 

within 0.1° by a water bath. At an appropriate time the denaturation 

reaction v1as stopped by addition of an equal volume of water and the 

diluted mixture was dialyzed, with rapid stirring, a minimum of three 

hours at room temperature against three or four 500 ml changes of 0.01 M 

NaCl, 10-3 M TRIS, pH 7. 5, a procedure i·Thich effects an essentially 

complete change of solvents. Visking Company #8 dialysis tubing which 

had been boiled in sodium bicarbonate and stored in 50% ETOH v1as used. 
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To determine solvent compositions convenient for kinetic study of 

irreversible denaturation the value of %Nm was determined for samples 

of T7 DNA which had been subjected for 30 minutes at 25° to 90 volume % 
formamide of various NaCl concentrations. The results shown in Fig. 13 

indicate that the rate of denaturation decreases with increasing salt 

concentration and that no denaturation is detectable at NaCl concentra-

tions greater than 0.14 M or so under these conditions. Almost all 

studies on denaturation kinetics "'l·lere done at 25° in 90'/o formamide at 

NaCl concentrations bet\·7een .060 and .085 M. 

In order to study denaturation kinetics of DNA in the above system 

it is necessary that dilution of the denaturing mixture with an equal 

volume of water actually stop the denaturation reaction and prevent 

further denaturation or renaturation. The composition of the diluted 

mixture was generally 45% formamide, 0.030-0 .040 M NaCl . This percentage 

of formamide is too low to denature native DNA and the salt concentration 

is too low to support renaturation of fully denatured DNA (as shovm in 

the section on renaturation). Furthermore, the following experiment 

suggests that no denaturation or renatura tion of partly denatured samples 

occurs after dilution: A sample of DNA was denatured 15 minutes at 25° 

in 90% formamide , 0.082 M NaCl and then diluted vlith an equal volume of · 

0.01 M NaCl to produce a solution of 45% formamide, 0.046 M NaCl. 

A portion of the diluted DNA sample \·laS immediately dialyzed into 0.01 M 

aqueous NaCl and a second portion '\-las allowed to stand for 60 minutes at 

room tem!:Jeratu.re in the 45% formamide solution before dialysis. The tHo 

samples gave values of 'fjN of 71.~.6 and 74.2% respectively. Such partly m 

dena tured samples in 0.01 M aqueous NaCl could be stored at least five 

days in the refrigerator "'lvi thout change in %Nm . 
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Figure 13. Denaturation of T7 DNA. %N of native T7 DNA sampl e s 
after 30 minutes at 25° in 90% formamid~ at various NaCl concentra tions. 
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RESULTS 

Composition of Partly Denatured Samples 

Samples of T7 DNA which had been partly denatured were compared to 

mixtures of native and fully denatured DNA by melting, banding, and 

sedimentation velocity procedures to l earn something of the distribution 

of molecules in the population among possible states of denaturation. 

CsCl density gradient banding patterns of partly denatured samples 

were similar but not identical to banding patterns of native-denatured 

mixtures. As shown in Fig . 14 the DNA of partly denatured samples bands 

in two peaks centered approximately on the native and denatured densities, 

but the peak near the native density is somewhat broader and shifted 

slightly toward heavier densities from the position of a fully native 

peak. The height of the minimum was somewhat variable but the t1w peaks 

were never as well separated as those of a comparable mixture of native 

and denatured DNA. 

For partly denatured samples %Nb was calculated from the relative 

amounts of material under the two peaks by arbitrarily assuming that the 

material in the less dense peak is native and that in the more dense peak 

denatured. 

Melting profiles of partly denatured samples were indistinguishable 

from those of mixtures of native and denatured DNA. Hov1ever for a given 

partly denatured sample the ratio %Nm 1·1as found to vary between • 70 and 

CjbNb 

.96 whereas this same ratio for native-denatured mixtures varied between 

. 88 and .98. It appears that some of the material in the "native" band 

.of partly denatured samples melts a s though it is not totally native. 
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Figure 14. Equilibrium distribution in a CsCl density gradient at 
44,770 r pm of a native -dc:::::.c::::cd mixt.m~e of T7 DNA and a sampl e 
denatured 15 min at 25° ·· .- · ::: .~ iorr:::araide, 0.082 t-1 :NaCl, unbuffered. 
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It was thought that perhaps sedimentation velocity runs on partly 

denatured samples might show a third component corresponding to partly 

denatured material. Aside from possible spreading of the boundaries, 

however, little difference from sedimentation patterns of mixtures of 

native and denatured material ·v;as noted (see Fig. 15). Due to the 

problems associated vlith the use of the sedimentation velocity system 

subtle differences w·ould be hard to detect . The presence of tvro boun

daries does suggest, hm-rever 7 that the t1w peaks noted in the CsCl 

density gradient are not an artifact produced by the action of high salt 

on a partially denatured molecular species isolated from the denaturation 

mixture. 

The Relationship between Hyperchromicity and Banding Behavior 

To examine the relationship betvTeen the hyperchromicity of a sample 

and its irreversible denaturation a sample of T7 DNA ·Has melted in 

formamide and samples taken at various hyperchromicities 1·7ere banded. 

The melting was done at a DNA concentration of 300 1-!g/ml in 90% formamide, 

0.5 M NaCl in a 1 mm path length cell against an appropriate blank. 

Water from an external •rater bath i·7as circulated through the block of the 

cell holder to maintain the desired temperature. At various hyper

chromicities approximately 5 A of DNA solution were diluted into 

0.14 ml H20 and then 0.6 ml CsCl stock solution at 447 770 rpm. The ODs 

were not corrected for expansion of the formamide solution during heating. 

Fig. 16 shov7S a melting profile for T7 DNA in 90% formamide 7 0.5 M 

NaCl heated at the rate of 1° per 3-5 minutes by gradually raising the 

temperature of the circulating 1-1ater bath. Since 1 mm cells are too 

small for measurement of solution temperature by a thermometer the 
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Native-denatured DNA m~x·cLITe, 627b native by banding. 
s

20 
= 13.6 for native and 6 .1 for denatured 

)'<1 

Partly denatured DNA sample, 59~~ native by banding . 
s 20 = 13.5 for native ( midpoint ) and 6.3 for denature d ,w 

Figure 15. Sedimen·cc.tion ve1oci ty patterns for a native-denatu:-ccd 
mixture and a sample dcnc:>.:Gu:ced 20 oinutes at 25° in 90% formam~de , 
0. 070 H rJaCl, 0. 005 H TRIS, pH 8.05. Run at 4-4,770 r pm in 10-.J H 
NaCl, 2 x l0- 4 H TRIS •. 
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Fieure 16. Melting profile of DNA in 90% formami de, 0.5 M NaCl 
and associated appearance of material banding at the density of 
denatured DNA in Cs Cl. The DNA solution \vas heated at a r ate of 
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temperatures given are those of the heating block, >Thich vTould lead the 

actual temperature of the sample. The extinction coefficient of the 

DNA and the hyperchromicity upon melting in the formamide solution were 

roughly the same as those for DNA in aqueous 0.5 M NaCl solution. 

Samples for banding were taken at ·che temperatures noted in Fig. 16. 

The banding patterns in this experiment showed no material banding at th~ 

denatured density until 80-90% of the total increase in OD was complete. 

Slight skevTing of the bands tolrard heavier densities v1as however noted at 

lower hyperchromicities. The shape of the melting transition in this 

eA~eriment appears unsymmetric and slightly broader than in aqueous solu

tion but the exact shape is uncertain due to uncertainty in the actual 

temperature of the sample, as v1ell as possible kinetic effects in the 

denaturation itself. 

It is possible that fully denatured material is formed at hyper

chromicities lmo1er than 80% but at a rate too slow to be noticeable in 

this experiment. To rule out such kinetic effects a sample of T7 DNA in 

90% formamide, 0.5 M NaCl was held at a temperature of 34-34.2° and a 

measured hyperchromicity of 60-657~ for seven hours before a sample 'YTaS 

taken for banding. All of the ma terial banded around the native density, 

and although t here appeared to be slight skevling toward heavier densities 

there was no evidence of any material of the fully denatured density. 

Although the conditions of the above melting experiments were not 

identical to those used in kinetic studie s of irreversible denaturation, 

it seems reasonable to assume tha t the molecular details of the dena tura

tion process will be the same . These experiment s suggest that under 

conditions of irreversible dena tura tion every molecule in the population 
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must be highly hyperchromic. Hyperchromic molecules vThich are not fully 

denatured apparently recover their native structure to different extents 

upon removal from denaturing conditions since the 11 native" band of 

partly denatured samples covers a wider range of densities than does 

that of native DNA and appears to melt as thou@l it vTere not fully 

native. Since a DNA sample may be held for hours at an intermediate 

hyperchromicity without proceeding to the fully denatured condition, 

metastable states of intermedia te hyperchromicity must be possible under 

these conditions. 

Kinetics of Denaturation 

The kinetics of the irreversible denaturation of T7 DNA in 90% 

formamide were foll0i·7ed by t he procedures outlined in Methods. Figs. 17 

and 18 shovr the decrease in ~oN of solutions isolated after various times 

in denaturing conditions. The pH's given in Fig. 18 are those of the 

aqueous buffers which were diluted to 0.01 M in the denaturation mixture. 

The hydrogen ion activity in for mamide is not knovm but pH measurements 

of buffers 0.01 M in 90% formamide (made with a Beckman pH meter \·Tith 

glass and calomel electrodes) gave a reading of 6.8 for pH 4.55 aqueous 

acetate buffer and 8.5 for pH 8.05 aqueous TRIS buffer. 

Denaturation follovrs similar lcine tics \·Thether measured by melting or 

banding methods but generally %Nb is somewhat greater than <%Nm (Fig. 17, 

24), perhaps an indication that some of the material which bands in the 

native peak is partially denatured as suggested above. Although ~~ can 

be approximated only very roughly by sedimentation velocity, results 

\vith. this method agree qualitatively vlith those of melting and banding. 
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Figure 17. Dena·i::.ura tion kine tics of DNA. 

System : 25° , 90% formamide, 0 .082 !-1: Na.Cl, unbuffer ed 

/:j. %11 measured by bandi ng 

0 1JN measured by mel ting 



-68-

50 

30 

10 

5 ~~--~--~--------~----------~------~ 

0 15 30 
Time; min 

45 60 

Figure 18. Denaturation kinetics of DNA as a funct i on of the aque ous 
pH of added buffers. 

System : 25°, 905~ formamide , 0.0725 M NaC1, 0.01 g buffer 

X TRIS , pH 8.05 

0 Acetate, pH 1~ .9 
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Contrary to what one 'vould expect for a homogeneous DNA the denatura

tion kinetics are not first order. Several possible explanations for 

this situation suggest themselves: 

The formamide system. As mentioned above, forma.mide in contact vli th 

·Hater is knmm to unde::-go slm: hydrol;:,rsis to formic acid and ammonia (79). 

It is possible that some such subtle change in the composition of the 

denaturing formamide solution might alter the rate of denaturation to a 

significant degree during the course of the denaturation reaction. The 

sensitivity of the initial rate of denaturation to slight changes in the 

denaturation medium was tested by measuring the melting per cent native 

of DNA after five minutes in denaturing solution in which one parameter 

at a time was varied. The results, given in Fig. 19, shov7 that this 

rate is quite sensitive to small changes in salt concentration, tempera

ture, formamide concentration and pH. 

The following experiment suggest s that it is unlikely that hydrolysis 

of formamide during the course of the experiment produces changes in the · 

composition of denaturing solution l arge enough to affect denaturation 

kinetics . A solution of T7 DNA in 90% formamide at twice the NaCl con

centration of an appropriate denaturing mixture did not sho>-7 detectable 

denaturation over the course of an hour at 25°. Such a solution was 

placed at 25° together ''ith a separate solution of 90% formamide . Equal 

volumes of the two were mixed to produce a denaturing mixture . This was 

done at times separated by fifty minutes to see if hydrolysis or any 

other reaction of the 90% formamide solution over t his period of time 

might affect the denaturation kinetics. The denaturation kinetics of 

t he ~m mixtures ,.1ere found to be essentially identical, demonstrating 

the laclc of such effects. 
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dena ·(;urc.:cion or T7 DNA . All points tsJ;:en after five uinutes in t he 
denat uring sol vent. 
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One might suspect that the heat of mixing of 'Hater and formamide 

could raise the temperature of the solution upon addition of the 

aqueous DNA solution and thus produce the observed kinetics. It was 

found hov1ever that addition of the DNA solution to the formamide mixture 

lm1ered t he temperature 0 . 2° and tha t the equilibrium temperature was 

restored uithin three minutes. If this factor were important it should 

produce effects opposite to those observed. 

Denaturation kinetics in aqueous solutions. Since no factor in the 

formamide system could be found which might account for the observed 

kinetics it 1vas of interest to knmv vihether the same denaturation kinetics 

would be observed in aqueous solutions . Denaturation of T7 DNA in aqueous 

salt solutions at elevated temperatures i·Tas fol lowed in much the same way 

as in the formamide system. A concentrated DNA solution was diluted 

about twentyfold into a temperature equilibrated salt solution and the 

denaturation reaction stopped at various times by diluting l ml of sample 

into an equal volume of buffer at 0°. The denaturing solutions were 

heated in capped tubes to minimize losses of H20 by evaporation and con

sequent alteration of solvent composition. The two examples given in 

Fig. 20 show tbat the denaturation kinetics in aqueous solution are 

essentially identical to those obtained in the formamide system, again 

suggesting that they are a property of the DNA itself and are not due to 

peculiarities of the denaturing system. 

Although pH is difficult to measure and to control under the condi 

tions of low salt and elevated temperatures used in the aqueous system 

it is quite evident from many experiments, including the one shmm in 

Fig. 20, that there is a r apid change i n denaturation kinetics at 
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5 ~~----~----~--------------~--------------------~--------------~ 
0 15 30 45 60 

Time at 70.4°; min 

Figure 20. DenatUration kinetics of D~L~ i n aqueous solution at 70.4° . 
DNA s ·!;ock in 0.1 M NaC1, 0.01 £.1 TRIS , pH 7 . 1! .• 

0 Diluted ti·7entyfold in H20 

6 Diluted ti·lel!:cyfold in H20 
previously ·t.i·trated to 
pH 9·3 v7ith NaOli 
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approximately pH 7· The DNA is considerably more stable to denaturation 

if a small amount of base is added to bring the pH to t he range of 7-9 

than if no base is added, leaving a pH around 6-7· This is true in the 

presence or absence of the small amounts of TRIS buffer used in the DNA 

stock solutions. 

Approach to equilibrium. The nature of the denaturation kinetics 

described above suggests an approach to equilibrium. If this ·Here indeed 

the case the data of Fig. 18 suggest that in 90% formamide the equilibrium 

should be on the side of native DNA at high pH but on the side of 

denatured DNA at lm.;r pH. Thus DNA denatured extensively at low pH would 

be expected to revert substantially to native DNA if the pH is raised. 

The follOi·ling experiment •vas designed to test this possibility: A solu

tion of T7 DNA in 90% formamide, .0725 M HaCl, 0.01 M TRIS, pH 7·4 and 

green to bromthymol blue ·Has allm.;red to denature for 60 min. At that time 

a small amount of glacial acetic acid was added to make the solution 

orange to methyl red and denaturation vJas allOi·/ed to continue anot her 

60 min. Triethylamine \vas then added to make the solution again green 

to bromthymol blue. After a further 60 min. the DNA shm1ed no reversal 

of denaturation, as shmm in Fig. 21. This indicates that the observed 

kinetics are not the result of an approach to equilibrium between native 

and fully denatured DNA. 

Effect of denatured DNA. Another possible basis for the observed 

denaturation kinetics of T7 DNA might be that denatured DNA or other 

substances accumulated during denaturation can somehm.; inhibit the 

remaining partially denatured DNA from further denaturation. That this 

is not the case is shmm by the follmving experiment: A sample of T7 DNA 
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Figure 21. Non-reversibility of denaturation. 

System: 25°, 90% for rnamide, 0.0725 M NaCl, 0.01 M TRIS 
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v1as completely denatured in about 97% formamide. ·Hater, salt, buffer, 

and an equal quantity of native D:NA i·lere added to bring the solution 

to 90'/o formamide, .0725 M NaCl, and 0.01 M phosphate buffer (aqueous 

pH 5 . 6) . The kinetics of denaturation of the native T7 DNA ivere 

unaffected by the presence of the equa l quantity of denatured DNA (Fig. 22) . 

Concentration dependence . The rate of denaturation of T7 DNA at 

40 J..Lg/rol as measured from melting data 'i·ras compar ed with t he rate of 

denaturation under identical conditions but at 4 J..Lg/ml and as measured 

from banding data . The results, shovrn in Fig . 23, shO'iv no difference 

bet·Heen the denaturation kinetics of the tv1o samples, a lthough it is 

likely that the more dilute D:NA dena tured slightly farther since %~ 

is usually 1 . 1 to 1 . 2 times the value of %Nro. Although this slight 

difference in degree of denaturation may be due to experimental error, 

it may also be due to the viscosity effect noted by Schilill~raut et al. 

(60) . The fact that a tenfold difference in concentration affect s the 

denaturation rate only slightly argues strongly that the denaturati on 

reaction is basicall y unimolecular. It also excludes interaction 

hypotheses such as those mentioned in the preceding section. 

Divalent metal ions . The kinetics of denaturation of T7 DNA .in the 

presence of . 004 M EDTA are similar to those in the absence of EDTA. This 

indicates that the presence of small quantities of divalent metal ions 

is probably not an important factor in producing the observed kinetics . 
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Figt:xe 22. Effect. of added f ully dc:'lc::;ured DNA on dene:cw:ation 
kinetics . 

System : 25°, 905~ formamid.e , 0. 0725 1'1 NaCl, 0.01 M 
phosphate , pH 5.6 

0 I~o dena tured DNA added. 

· Ll Dcno.tu:;:·ation in presence of an 
equa l quantity of fully denatured 
DHA. Line shm-1s kinet i cs expected 
from points t aken 1-1i t hout adde d 
dena·cu:ced DNA. 
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Figuxe 23 . Effect; o:f DNA concentra tion on dena·~uration kine·cic s . 

System : 25°, 905~ :?o::.·r.:ami c:Le, 0. 075 M !~aCl, 
0.005 M TRIS, pH 8. 05 

0 DNA a t 40 f.lg/ ml ; %N measuxed 
by melting . 

6 DNA at 4 f.lg/ ml ; %N measured 
by banding. 
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The Effect of Stirring on Denaturation 

All of the above results ·Here obtained on solutions which were not 

stirred or shaken during denaturation except briefly and gently during 

the initial dilution of DNA in the denaturing mixture. It has been 

found that stirring or shaking a. denaturing DNA solution marltedly 

accelerates the rate of denatura tion. · Stirring experiments ·Here done 

in a \·later jacketed tube using a teflon covered magnetic stirring bar 

1. 2 em long and 0.9 em in diameter to provide the stirring. Comparisons 

of the kinetics of denaturation of stirred and unstirred samples under 

other\·lise identical conditions are shmm in Figs. 24 and 25 . The kinetics 

of denaturation of the stirred samples approach first order. The rate of 

stirring was not measured but ·Ha s non-turbulent and approximately con

stant throughout the experiment . Strong indications have been obtained 

that rate of denaturation increases with rate of stirring but this av1aits 

study with more quantitative methods for producing and estimating shear. 

It does not matter \·7hen during the process of denaturation stirring 

is begun; it alvmys increases the rate. Thus a sample denatured without 

stirring to the point "<There dena turation appears to cease denatures 

rapidly and completely upon initiation of stirring (Fig. 26). The 

denaturation rates of DNA samples at concentrations of 40 ~g/ml and 

4 ~g/ml are both accelera t ed by stirring. 

Stirring apparently does not in itself produce denaturation in a 

sample which is not already denaturing. Vigorous stirring does not 

induce denaturation in DNA samples in conditions of formamide and salt 

vlhich are not quite sufficient in themselves to initiate denaturation. 

The relationship bet\.1een hyperchromicity of a sample and stirring effect 
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Figure 24. Effect of s t i rring on denaturation. 

System: 25°, 90% formamide, 0.070 M NaCl, 
0.005 M TRIS, pH 8.05 

X unstirred, 1~ measured by banding. 

0 unstirred, %N measured by mel ting. 

6. s tirred throuehout, ~~ measured 
by m~lting. 
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Figure 25. Effect of stirring on denaturation. 

System: 25°, 90% formamide, 0.075 M NaCl, 
0.005 M TRIS, pH 8.05 

0 No stirring after first minute 
(40 ~g/ml data of Fig. 22). 

~ Stirred throughout. 

X Stirred for 5 min at 80% formamide, 
0.15 M NaCl prior to 0 time above. 
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Figure 26. Effect of stirring on denaturation. 

System: 25°, 90% formamide , 0.075 M NaCl, 
0.005 M TRIS, pH 8.05 

DNA at 4 ~g/ml; data taken from same experiment shown in Fig. 22. 
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bas not been examined to see if partially hyperchromic samples can be 

denatured by stirring. 

A previous history of stirring under non-denaturing conditions does 

not affect denaturation kinetics . If a DNA sample is stirred vigorousl y 

in 80% formamide , 0 . 15 M NaCl no denaturation occurs . After addition 

of an equal vol ume of pure formamide th~ denaturation kinetics without 

stirring are indistinguishable from those of a sample in 90% formamide, 

.075 :M NaCl which bas never been stirred (Fig. 25) . 

DISCUSSION 

To summari ze the above data on the mechanism and kinetics of 

denaturation of T7 DNA : 

l ) Irrevers ibl e denaturation of T7 DNA does not occur until t he 

DNA is highly hyperchromic . Thus, under conditions in which irreversible 

denaturation is observed, virtua lly every molecule in the population 

must be in some intermediate state of denaturation . These intermediate 

states of denaturati on appear to be stable i ndefinitely under conditions 

in 'Ylhich the DNA is hyperchromic but is not irreversibly denaturi ng . 

2) Samples of DNA isolated from denaturing conditions are mixtures 

of fully denatured molecules and molecules \-lhich appear to be native to 

varying degrees . It appears that upon removal of the DNA from denaturing 

conditions those DNA molecules in intermediate states of denaturation 

recover their nati ve structure at least partially. 

3) The rate of denaturation of T7 DNA fal ls off rapidly with time 

but appears to be almost independent of DNA concentration. The rate of 

denaturation is very sensitive to slight changes in the environment 

produced by reactions of t he f ormarr.ide -1.-1ater solvent mixture . The 
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denaturation reaction is not reversible, is not inhibited by the presence 

of denatured DNA, and is not affected by presence or absence of EDTA. 

4) Stirring during the denaturation reaction accelerates the rate 

of denaturation. 

The data summarized in poi·nts l) and 2) above agree 1-1ell with the 

picture of DNA denaturation presented in the introduction. The kinetics 

of denaturation of T7 DNA summarized in point 3) are, hoHever, not in 

accord >vith ·\olhat might be predicted from this theory. If the stability 

of molecular regions is go·verned by their base composition, then for a 

homogeneous population of molecules one would expect the most stable 

region t o be the same for each molecule. If one assumes that all native 

sequences in a molecule must be melted out to produce irreversible 

denaturation, the collapse of the most stable sequence v7ill be the rate 

limiting step and the population should denature >·lith first order kinetics. 

An initial lag in denaturation rate might be expected if appreciable 

time is consumed in reaching the rate limiting step or if there are tv7o 

or more regions of comparable high stability v7hich must collapse to 

produce complete denatura tion. Far from having an initial lag the 

denaturation rate of T7 DNA is most rapid at early times. 

The possibility that the observed denaturation kinetics are being 

influenced by renaturation of irreversibly denatured molecules during 

isol ation of DNA from denaturing mixtures can be ruled out by data from 

several sources: 

l) The most obvious demonstration comes from stirring experiments, 

p. 78. Since fully denatured stirred samples and partly denatured 

unstirred samples are isolated under identical conditions, the failu~re 
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of the latter to fully denature cannot be attributed to renaturation 

of fully denatured DNA during isolation. 

2) The experiment under Approach to equilibrium, p . 73, Fig. 21, 

demonstrates that raising the pH of a largely denatured sample to the 

condition where the DNA previously ivould. not denature belmr about 8or{o N 

does not result in any renaturation upon isolation. 

3) The experiment under Effect of denatured DNA 7 p . 73, Fig. 22, 

demonstrates that fully denatured DNA added to a denaturing mixture 

does not renature at all, even though denaturation of the native DNA 

has decidedly non f i rst order kinetics in ivhich denaturation levels off 

around 70% N. 

4) Aqueous denaturation experiments at low salt concentration, 

p. 71, Fig. 20, also demonstrate that non first order kinetics are 

obtained under conditions vrhere renaturation effects are impossible. 

An explanation for the observed denaturation kinetics of T7 DNA 

which immediately suggests itself is that the DNA is not molecularly 

homogeneous and that some molecules are less stable to irreversible 

denaturation than others. Al though T7 DNA ivas chosen for this work 

because of its relative homogeneity it is of course impossible to state 

with certainty that a DNA sample is molecularly homogeneous. Hm<ever, 

let us briefly consider the evidence concerning various possible sources 

of heterogeneity in T7 DNA: 

l) One might hope that the fact tr~t this DNA was isolated from 

material presumed to be biologically homogeneous might assure homogeneity 

of the product. Hov7ever there is no certainty that the biological 

material is homogeneous . It has, in fact, been postulated on the basis 
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of genetic evidence that the base sequences of DNA molecules from 

different T4 phages may be circularly permuted (80) . Hm-1ever, such 

a population of molecules might still be expected to denature with a 

first order rate if stability to denaturation is dependent solely on 

the base sequence of the most stabl e region. 

2) The phage population as a 'Hhole might contain small amounts of 

other strains or mutants having DNAs with different stabilities to 

denaturation . Hmvever, the phage preparation sediments as a single 

sharp boundary and yields a single band in a CsCl density gradient. 

Differences in DNA molecules mi ght be expected to alter per cent GC 

content slightly thus changing both stability to denaturation and 

molecular 'Height determined by the CsCl density gradient banding method. 

Since the banding molecular \veight is very close to that expected for 

the total amount of DNA in the phage such compositional heterogeneity 

must necessarily be very small indeed. 

3) It is possible that during isolation the DNA might have been 

partially degraded or suffered single chain scissions. Since sedimenta

tion patterns of both native and fully denatured DNA yielded sharp 

boundaries with no evidence of trailing material this possibility appears 

to be an unlikely one. 

4) The kinetic data s uggest that if the DNA consists of a mixture 

of molecules possessing different denaturation rates it must contain a 

large number of different molecular species . Thus, for a single DNA 

sample denatured under different conditions, extrapolations of the final 

r a tes to zero time gave widely different values for the proportion of 

material possessing the slowest rate of denaturation. 
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5) The fact that stirring samples under denaturing conditions 

can produce kinetics approaching first order also argues against 

intermolecular heterogeneity. 

The above comments on possible sources of heterogeneity in the 

T7 DNA samples used here certainly do not exclude the possibility that 

. the samples ·Here intermolecularly he terogeneous. However, inter

molecular heterogeneity is not required to explain the observed 

denaturation kinetics. 

The observed kinetics can be explained if one assumes that the 

stability of a native region in a partially denatured molecule depends 

not only on its base composition and sequence but on other molecular 

factors as \-Tell. For example one might expect that the stability of a 

particular native region might depend on its position in the molecul e 

and on the number and locations of other native regions in the same 

molecule. Under these circumstances the stability of a particular native 

region vTould change as the molecule progressively denatures, and the 

order in ivhich various regions C!f the molecule denature would be 

important in determining what the rate limiting step tmTard denaturation 

ivill be. Since the T7 DNA molecule possesses 30,000 base pairs it is 

quite probable that at many points during the denaturation process sev

eral native regions in a molecul e may have roughly equal probabilities 

of collapse. Under denaturing conditions the collapse of each region 

vTould be irreversible and the denaturation might therefore proceed by ran

dom processes dmm mutually exclusive paths, each VTith its ovm character

istic rate determining step . Thus intermolecular heterogeneity could be 

generated from a homogeneous popula tion of molecules by the process of 
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denaturation itself. The differences in activation energies bet-vreen 

the different paths of denaturation v7ould necessarily be smal l since a 

slight increase in temperature is enough to denature the i·7hole sampl e 

rapidly and completely. 

The idea that molecular heterogeneity can be generated by denatura

tion is supported by the fact that different partially denatured molecules 

apparently do not recover their native structure to the same degree upon 

removal from denaturing conditions, as evidenced by banding and melting 

properties of partly denatured samples. 

The fact that stirring during denaturation produces kinetics i·7hich 

approach first order may be an indication that stirring minimizes the 

effects of position and tota l molecular configuration on the rate of 

denaturation of the individual native regions. This could conceivabl y be 

accomplished by reducing molecular hindrances to um7inding or untangling 

of the t;vo strands by tumbling the molecule . It is also possible that 

stirring, by giving kinetic energy to partly unwound strands, may aid in 

denaturing native segments. 

Although these experiments cannot exclude intermolecular hetero

geneity as the source of the observed results they do suggest that the 

configuration of the partially denatured molecule may contribute to its 

stability to irreversible denaturation. 
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RENATURATION 

The :follm~ing studies shm-1 tha t T7 DNA can be renatured very 

extensive ly in a formamid.e - 'iiater - s a lt medium at 25°, thus making it 

possibl·~ to de-r::.ature and r en.ature DE:-~. under conditions Hhich do not 

degrade its primary structure. 

- '"STFIODS 

These renaturation Etudies v1ere principally aimed at establishing 

optima l renaturation conditions and procedures for accurate kinetic work. 

Therefore, DNA concentrations of 30-75 !J.g/ml in the renaturing solvent 

'~ere used for convenience in the melting assay, even though aggregation 

is knovm to occur during renaturation at these DNA concentrations in 

other systems (67). In most cases the extent of renaturation v1as measured 

by the melting procedure described above although many partially 

renatured samples "ere a lso banded in a CsCl density gradient. 

The procedure follm·7ed in most renaturation experiments "as as 

follo'i7S: A sample of T7 DNA ·1-1as de natured in 90% formamide, 0. 01 JYl NaCl 

at 25° for thirty minutes. After removal of a control s ample to demon-

strate that denaturation '~as in fact complete, the solution was brought 

to the composition desired for renaturation by addition of an appropriate 

amount of aqueous salt solution. Renaturation occurred equally well if 

the denatured DNA was first dialyzed into aqueous solution and then 

renatured in a formamide -1vater-salt solvent. 
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RESULTS 

Optimal Condition for Renaturation 

The range of solvent compositions v7hich support renaturation at 25° 

'\ms studied by varying the salt and f or memide content of the renaturing 

mixtur8s . Ficu.res 27 and 28 shO'\·T ·chis n mge to be very broad. 

In Fig. 27 the extent of renaturation of T7 DNA over a period of 

30 minutes at 25° in 75% formamide is shovm as a function of salt 

co~-~ce~"ltration . These results sh0'\-1 that rate of renaturation :.'..ncreases 

with salt concentration and that no renaturation occurs in 75% formamide 

at salt concentrations of 0.05 M NeCl or lm-Ter. It is interesting to 

note that denaturation of T7 DNA also does not occur in 75% formamide at 

0 . 05 M NaCl, and since rate of denaturation decreases with increasing 

salt concentration it would appear tha t the solvent conditions for 

denaturation and renaturation are mutually exclusive . This implies that 

renaturation is not a direct equilibrium reversal of denaturation. 

In Fig. 28 the renaturation of T7 DNA over a period of 60 minutes 

at 25° in 0.25 I•1 NaCl is shmm as a function of formamide concentration. 

In these experiments the renatured solutions vTere dialyzed directly into 

0.01 M NaCl, a procedure '\-lhich doubtless led to some renaturation during 

dialysis for samples renatUl~ed at high formamide concentrations . These 

results show that renaturation occurs over a v7ide range of formamide 

concentrations '\-lith an optimum around 50 vol ume % formamide, but that no 

renaturation occurs in solutions containing less than 20% formamide at 

this salt concentration. The fact that T7 DNA can renature so readily over 

such a wide range of formamide concentrations means that spe cial care must 

be taken in kinetic experiments to dilute samples directly to a solvent 

composition v7hich 1-1ill not support further l~enaturation. For example 
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Figure 27. Renat uration of' T7 DNA. 10!-I of' denatured T7 DNA samples 
after 30 minutes at 25 ° in 75% f'ormamid~ at various NaCl concentrations. 
DNA concentration during renaturation was l20 ~g/ml. 
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Figure 28. Renaturation of T7 DNA. r~ of denatured T7 DNA samples 
after 60 minutes at 25° in 0.25 M NaCl m at various formamide concen
trations. Samples were dialyzed without dilution. DNA concentration 
during renaturation was 18 ~g/ml. 
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samples renatured in 0. 5 M NaCl, 75~b formamide vTould require about a 

fourfold dilution into water to effectively stop the reaction. 

Properties of Renatured DNA 

Renatured T7 DNA melts s harply at the characteristic native melting 

temperature but tl~ percentage increase in OD upon melting depends upon 

the degree of renaturation of the s ample. The maximum hyperchromic 

effect obtained for renatured DNA VJas approximately 85-90% of that 

c::aracteristic of native DNA. Such maximally renatured T7 Di~--. forms a 

single band in a CsCl density gradient at a position .001- .002 density 

units heavier than native T7 DNA. A banding pattern at 44,770 rpm 

2 
together with a log C vs H plot of the pattern are shmm in Fig. 29 

for a renatured sample v7hich ha d about 82% of the native hyperchromic 

effect. The band is slightly sls:ev;ed tm;ard heavier densities in the 

lower third of the curve. The banding molecular l7eight calculated for 

6 this sample is approximately 14 x 10 • 

Renaturation Kinetics 

Tv10 preliminary experimen·cs were done on the kinetics of renaturation 

of T7 DNA in formamide . In experiment I the DNA v7as renatured at a 

concentration of 40 J..Lg/ml in 505~ formamide , 0.25 M NaCl and in experiment 

II the DNA concentration ·Has 75 J..Lg/ml vThile the solvent was 75% formamide, 

0. 25 M NaCl. Samples v1ere diluted at various times to solvent composi-

tion containing less than 20% formamide and dialyzed into aqueous 

0.01 M NaCl. Both melting and banding profiles i·7ere obtained on samples 

from experiment I but only melting profiles were obtained for samples from 

experiment II. 

Fig. 30 shm-1s banding profiles for samples from experiment I and 

Table 2 gives melting data for the tHo experiments. 
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Figure 29. Equilibrium distribution of renatured T7 DN~2in a CsCl 
density gradient at 44,770 rpm and asgociated log C vs w- plot. 
~~x DNA cone. 38 ~g/ml; MNa ~ 14 x 10 ; run in 12 mm cell; traced on 
densitometer #118 with a 0.05 OD/cm wedge. . 

DNA was renatured 23 hrs in 75% :f'ormamide, 0.2 M NaCl at 
a DNA concentration of' 40 ~g/ml ; %Nm = 82. 
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T 4 DNA 

2 min 
%.1'fb ::a 56 

%N = 37 m 

10 min 
ioNb = 83 
%!-r = 66 m 

15 min 
%Nb = 91 

ioNm = 71 

30 min 
%Nb = 95 
cfoN· = 79 m 

60 min 
5bNb = 100 

foN = 83 m 

Figure 30. Ki;:;.et;~cs of renaturation. Banding pr of iles (Expt. I, text). 
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Table 2 

Time Expt . I Expt . II 

%N m %N m 

2 minutes .894 36 . 7 . . 885 40.2 

5 II . 847 55.4 .843 57·4 
.~ !I .820 66 .1 .810 70.1 .... ·-v 

15 !I . 809 70 . 5 · 798 74. 9 

30 II . 787 79·3 .785 80. 1 

60 II ·777 83·3 · 770 86 . 1 

6 hours · 775 84.1 

.. )(--
OD65 

ratio of OD just previous to sharp melting -- = 
OD85 

to OD of fully melted material 

The CsCl density gradient patterns of the partially renatured 

samples from experiment I shoi·7 t"10 bands, one at the denatured density 

and one at a density bet1·1een .001 and . 003 density units heavier than 

the native position. There appear s to be a considerable amount of 

material banding in the region bet1·1een the t'!,o70 bands in the early s amples 

but as rena turati on proceeds the denatured band disappears and the 

lighter band sharpens and approaches the native position more closely. 

The molecular ·Vleight calculate d from the band vlidth of the one hour 

sample of Fig. 30 Has 12 x 106 . 
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Preliminary kinetic data bave been obtained from these tv1o 

experiments. A fairly good approximation to the percentage of total 

material Ylhich bands at the denatured position can be made from the 

banding profiles of experiment I. From these data the rate of transfer 

of this mate:r-ial to ligbter de-D.sities can be calculated. Although there 

may be substantial error in t hese approximations, the rate of disappear

ance of the denatured peak appears to follov7 second order kinetics 

quite closely as is shoYln in Fig. 31. On the other hand ·che kinetics 

of disappearance of material which melts as native material can also be 

plotted for various kinetic models. Melting data from experiments I and 

II do not fit first, second,· third or fourth order plots (assuming equal 

concentrations of all initial r~actants) if 100% native is taken as 

completion of the reaction. Hov1ever , examina tion of the melting data 

of Table 1 shov1s that the reaction appears complete in the neighborhood 

of 86~£ native in both experiments. If 86% native is talcen as the point 

at v7hich the reaction is complete, the melting data from both experiments 

fit second order plots quite nicely a s shmm in Figs. 32 and 33. The 

fact that both melting and banding data from these experiments can be 

fitted to second order kine tics should be t aken as more suggestive than 

conclusive due to the approximations and assumptions involved. 
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Fic;ure 31. Second order kinetics o:f transfer o:f material :from 
denatured to nat i ve density gradient band in renaturation. 
Experiment I in text . 
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Figure 32 . Renaturation kinetics . Second or der pl ot of mel ting 
data of Experiment I in text . 

() 86% Native as comple tion 

~ 100% Native as compl e tion 
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Figure 33· Renaturati on kinetics. Second order plot of mel ting 
data of Experiment II in t ext. 

() 86% Native as compl etion 

~ lOO% Native as compl eti on 
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DISCUSSION 

The foregoing experiments have shmm that renaturation of T7 DNA 

occurs quite readily in for mamide-'lvater-sa lt solutions at 25°, thus 

malcing possible the complete cycle of denatLrration and renaturation 

under non-degradative conditions. The product of r enaturation of T7 DNA 

under the conditions used here v7as similar but not identical to native 

T7 DNA. 

Methods for accurate study of renaturation kinetics have been out

lined and the results of tv1o kine·cic experiments presented. The second 

order rate of disappearance of material v7hich bands at the denatured 

position in a CsCl density g;radient is in agreement vii th the idea that 

the tHo complementary strands come together in a bimolecular reaction 

as the first step in the renaturation reaction. The fact that the 

lighter band sharpens tovmrd the native density vii th time in the 

renaturing mixture suggests that not all origina l pairings result in 

total native register and that fals e pairings are removed '\·lith time in 

the denaturing medium. The effects of multistrand aggregation could not 

be assessed in these experiments. 

This system appears to be a promising one for the study of renatura

tion kinetics, and further study of samples renatured at different DNA 

concentrations by sedimenta tion veloci~cy as ·Hell as by melting and 

banding techniques should yield valuable insights into the mechanism of 

the renaturation process. 
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APPEI'-IDIX 

Light passing through a refractive index gradient ivill travel on 

the path X - X = 0y + ( .!___ o 2n 
dn ) 2 d.."< y , (29), i·lhere n is the refractive 

index of the solution at the Havelength in question. In an ultracen-

trifuge cell x is the distance i n the radial direction, y is distance 

in the direction normal to the cell vlii.1.dov1s, and 8 is the angle betHeen 

the entering light beam and the norma l to the i>'indovis (in the plane 

defined by the norma l to the v1indo1vs and the radial axis of t:b.e cell). 

Let x ,o and x ,y be the points at which a light beam enters and leaves 
o e e 

the rotating solution, Hhich contains a density gradient . Then y is e 

the thickness of the cell centerpiece and x - x is the total x dis -e o 

placement experienced by l igh'c passing through the solution. 

The absorption distribution of the light i·Jhich has passed through 

the cell will determine the concentration distribution registered on film . 

The b<::nding of light in the x direction by a density gradient vlill cause 

light to cross isoconcentration surfaces on passi ng through the cell. 

An error is thus introduced into the film record of the concentration 

distribution in the cell. The particular case of interest for density 

gradient work is that in lvhich the absorbing material in the cell has a 

(x - x )2 
c 

2 <7 2 gaussian distribution C = C e In this case the absorption 
0 

of light ivhich crosses the gaussian distribution upon passing through 

the cell from x
0 

to xe is given by the expression 



log Io 

I 
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const 

/

xe 

X 
0 

e 

2 (X - Xc) 

2o-2 
ds 

'Hhere ds Evaluation of the integral over the individual 

paths of l ight through the cell gives the relative absorbancy for each 

path as a function of x , the result recorded on film . T:flis absorption 
0 

distribution may be compared 'Hith the concentration distribution in the 

cell. 

As a first approximation to the real case let us first consider the 

case in "Y7hich the light traverses the cell in a straight l ine, x - x = ky. 
0 

For this path ds = i l + 

particular path is 

log 
I 

2 
(l) dx 
k 

so that the absorbancy along a 

X 

canst J e 

X 
0 

e 

2 (x - x ) c 

dx. 

The above integral is just the area under the gaussian bet1t7een x and x , 
o e 

"Y7hich is readily available in published tables. Absorption distributions 

as a function of x "Y7ere p lotted for several values of xe - xo bet-.;1een 
0 

o-cell 

0.25 and 2, and all ·t-~ere found to be gaussian. Table 1 gives data about 

the absorption distributions for different values of X - X e o • The 

v cell 

lo1.;ering of the molecular 1-reight due to the optical distortion is given 

in the las·(; column: Mabs 

fl'lc:ell 

2 cr cell . 
2 o- abs 
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Table l 

c c M 
2 

X - X v abs V cell e 0 max max abs 

a-cell c max(o) CTcell 
-M--
cell 

2 
crabs 

0 3989 1.000 1.000 1.000 

0.25 3984 -999 1.002 · 996 

0.50 39Lf8 -990 1.01 -980 

l.O 3830 ·960 l.OL~ - 92~-

2.0 31~31 .856 1.16 -743 

The figures in Table l also give the error in densitometering a film, 

i·7here x - x is the effective slit Hidth of the densitometer, U. e o cell 

is the variance of the film ga ussian and a-_ , is the variance of tJ:'I..e aos 

traced gaussian. 

For light v7hich passes through the cell on the path x - x
0 

= ky 

the path on v7hich light is maximally absorbed passes tlu-ough the cell 

X - X symmetrically about the center of the gaussian from _ e o to 

X -+ e 
2 

xe -+ 
2 

X 
0 

xo 

2 

, thus shifting the center of the absorpti on distribution 

Hm-1ever, the light bea ms themselves are shifted X e - X 
0 

so there is an apparent shift of center of the gaussian on film of 

X - X e o 
2 

Let us nOi·l consider the actual case for the density gradient >I h ere 

light enters the solution normal to the \·7i'.'ldOV7s and thus crosses the cell 

on the path x - x
0 

2 = ky For a CsCl g~adient in the ultracentrifuge 

dy > > dx so vie may make the approximation ds = jdx2 + dy2 dy. 
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The absorbancy along an individual light path is then 

log Io 
I 

= e 

This integral can be approxi mated as ~ollows: 

From the definition of an integral 

dy. 

X (x - xc)2 

(. 
(x -;· n 

20'""2 lim 

L e dy = n -4- c:>O 

max 1J,..y- 0 
l. 

X 
0 i 1 

where Lliy is defined as the dif ference yi - yi-l 

where i = 0,1,2, ••• ,-n and 0 =Yo<. Y1 <. Y2 < 

2 
~c);, 

?: .. 

y • 
e 

L':J.iy 

The quantity (. is some value of the gaussian between 

xi-land xi where xi is the value of x corresponding to yi. 

Obviously the above limit can be approximated to any desired 

accuracy by taking sufficiently large n and small Ll y. The absorption 

distribution for the case of light crossing a gaussian concentr a t ion 

distribution on the path x - x
0 

= ky2 through a distance X - X e o 
v 

1 

was determined by evaluating the absorbancies for eleven individua l light 

paths by the sum 

t . (.- 2) * (x - Xc) 

20"2 
i 

i-1 
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The total x displacement of the light was divided into ten equal parts 

bounded by 

where X = X - 0.1 i (x - X ). 
i o e o 

X e 

Each value of x defines a value of y ~( (x ~ xo))~, but for convenience 

y. was taken to be the fractional y displacement l_ Thus the y displ a ce-
1 ~· 

ment of the light passing through the solution is divided into ten parts 

bounded by 
0 = = 1 

(xi: xo( ( 0.1 i <:e - x0 )) 

1 
2 

1) 0.1 where yi = = i 
Ye 

(xe ~ X 0 ) 

2 

Thus the value of ~iy = yi = 'V 0.1 i ~0.1 (i-1). 

2) * 
(. 

(x - xc) 
- 2 o- 2 

The quantity e i was taken to be the value of the gauss ian 

at x = xi - xi-1 
2 

The plot against x of the relative absorbencies determined for t he 0 . 

eleven paths gave a gaussian curve identical to t hat obtained for light 

crossing the gaussian on the path x - x
0 

= ky, except that the relative 

shift of the maximum was -0-33(x x ) (as found by Hearst and Vinograd e o 

(29)) rather than the -0.5(x - x ) found for the linear path. This e o 

means that the error calculated for light crossing a gaussian distri bution 

of -absorbing material in the cell on a parabolic path is well approximated 
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by the error on a linear path for values of X - X e o 

a-cell 

up to at least 1 

and probably further. Although the error for the parabolic path can be 

accurately estimated by the above procedure for any value of X -X 
e o 

CTcell 

if sufficiently large i is used, it seems reasonable to use the much 

more readily evaluated errors for a linear path as given in Table l. 

It should be pointed out that the above calculations are made on 

the assumption that Q = o, that is, that the light enters the solution 

normal to the windows. It seems likely from the above results that, 

for small deflections, the apparent decrease in molecular weight due to 

bending of light is almost solely a function of the maximum value of 

X - X 
0 

<Tcell 
and bas very little dependence on the path taken. The maximum 

value of/X- x
0

jcan be reduced by changing Q so that xe = X • 
0 

In this 

case 
X e 

and Q = -ky • e 

The maximum x displacement will then be at 

the cell, and~ill equal 

X - X = -ky (~ ) o e e 

0 

1 
Y = 2 Ye' the midpoint of 

k(1 )2 
2Ye 

1 2 
- 4 ky e 

which is one fourth the x displacement for the case when e = 0. Thus the 

optical error due to bending light can be reduced very extensively by the 

introduction of the proper wedge window into the bottom of the cell. 
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The quantity x - x is evaluated for the conditions used in the e o . 

work reported here. For light entering the cell normal to the windows 

xe - x
0 

= ( ~n :) y;. For CsCl p = 10.8601 n - 13.4974 (27) where n 

is the refractive index at 589 m~ and 

(27). Since the wavelength of light 

in this optical system is around 257 m~ the refractive index at this wave-

length must be used. From (29) 

( 1 dn) 
2n dx 257 

1.21 (!.._ dn) 
2n dx 589 

The value of n
589 

= 1.400 for a CsCl solution of ;a = 1.708, the density 

of T7 DNA, so 

= 

At x = 6.6 em the light displacements due to the CsCl gradients in this 
0 

work were: 

Speed X - X 
e 0 

3 mm cell 12 mm cell 

25,980 rpm 1.47 X 10-4 em 2.35 X 10-3 em 

44,770 4.36 X 10-4 
6.99 X 10-3 

These figures represent the x displacement by the salt gradient alone, 

but there is also a refractive index gradient due to compression of the 

solution. From data of Ifft (81) comparing the elevation of the 
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schlieren baseline upon coming to speed with the elevation after the 

salt gradient is established~ the bending of light due to the compression 

gradient and window distortion combined is about 30% of that due to the 

CsCl gradient at 39~460 rpm. A similar estimate was obtained by us at 

44,770 rpm from the displacement of the slit image focused behind the 

camera lens in the UV system. At speeds around 44~770 rpm the tota l x 

displacement of the light upon passing through the solution will be 

somewhere between that calculated for the salt gradient alone and an 

amount 30% greater than that. 
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